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ABSTRACT

Way, James L., Alan Kong, Diane Sylvester, Gary E. Isom and George E. Burrows:

Effect of Chlorpromazine on Cyanide Intoxication. J. Pharmacol. Exp. Ther.

Previous reports from our laboratory indicated that the prophylactic

protection against cyanide intoxication in mice can be enhanced by the admin-

,istration of chlorpromazine when it is given with sodium thiosulf ate either

alone or with sodium nitrite. The mechanism of the potentiation of sodium

thiosulfate by chlorpromazine was studied alone and in various combinations

with the classic cyanide antidotal combination of sodium nitrite and sodium

thiosulfate. Although chlorpromazine was found to induce a hypothermic re-

sponse, these studies indicate that the mechanism of enhancement of the antag-

onism of cyanide by chlorpromazine does not correlate with the hypothermia

produced. Various other possible mechanisms were investigated, such as, rate

of methemoglobin formation, enzymatic activity of brain and liver rhodanese

and cytochrome oxidase, c<adrenergic blocking properties, and the overall

effect on glucose oxidation as elicited by radiorespirometric studies. Al-

though the pharmacologic effects of chlorpromazine are complex the 9(-adren-

ergic blocking properties of chlorpromazine would provide a basis for its

antidotal effect against cyanide intoxication.
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George E. Burrows, David H. W. Liu and James L. Way. Effect of Antagonists

on the Physiological Disposition of Cyanide. Toxicol. Appl. Pharmacol.

Attempts were made to evaluate the effects of air and oxygen either alone

or in various combinations with sodium nitrite and/or sodium thiosulfate on the

physiological disposition of carbon-14 sodium cyanide in mice. The radioactive

respiratory gases were studied by radiorespirometry, and the effects of various

combinations of cyanide antagonists were compared. Oxygen either alone or in

combination with sodium thiosulfate significantly enhanced the respiratory

excretion as compared with air. Sodium thiosulfate accelerated the initial

rate of excretion of radioactivity in both air and oxygen-treated animals.

Sodium thiosulfate accelerated the initial rate, but not the total amount of

radioactivity excreted, whereas oxygen increased the amount of radioactivity

excreted, but did not affect the initial rate of excretion. The cumulative

recovery of radioactive gases was consistently greater in the groups given

oxygen over the respective groups given air, but the difference was signi-

ficant only with groups receiving oxygen alone or with sodium thiosulfate.

When sodium nitrite was employed as an antidote either alone or with sodium

thiosulfate, no difference in the respiratory excretion was noted between air

and oxygen. The use of the sodium nitrite-sodium thlosulfate combination

either with air or oxygen resulted in a marked decrease in the initial rate

as well as total amount of radioactivity excreted.
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ABSTRACT

ISON, GARY E., AND WAY, JAMES L.: Alteration of the biochemical effects

of cyanide with oxygen.

The inhibition and recovery of brain and liver cytochrome oxidase in mice

pretreated in an air or oxygen atmosphere were measured after the adminis-

tration of KCN with and without sodium nitrite and sodium thiosulfate pre-

treatment. Inhibition of cytochrome oxidase in both brain and liver reached

a maximum within five minutes after cyanide administration, and cytochrome

oxidase activity was restored more rapidly in liver than. in brain. This

enzymatic activity returned more rapidly in oxygen than air. In the animals

pretreated with sodium nitrite and sodium thiosulfate, brain but not liver

cytochrome oxidase was inhibited by cyanide. The effect of administering

gradient doses of KCN to mice maintained in air or oxygen atmospheres resulted

in a dose dependent inhibition of both brain and liver cytochrome oxidase. Oxygen

treatment produced a shift to the right in the dose response curve when compared

to the air treatment group. No significant difference was detected in rhodanese

activity, in air and oxygen in mice receiving a gradient dose of cyanide.
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In conducting the research described on this re-
port, the investigators adhered to the "Guide for
Laboratory Animal Facilities and Care", as pro-
mulgated by the Committee on the Guide for
Laboratory Animal Resources, National Academy of
Sciences- National Research Council
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SECTION 1

Effect of Chlorpromazine on Cyanide Intoxication
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Chlorpromazine has been reported to antagonize the lethality of cyanide in

pigeons (Guth and Spirtes, 1958). Subsequently, this antidotal effect was

investigated in mice, and the mechanism was attributed predominantly to the hypo-

thermia induced by chlorpromazine (Levine.and Klein, 1959).

Chlorpromazine has been reported to produce a fall in body temperature in

many species including man (Ayd, 1955), dog (L'Allemand et al., 1955), guinea pig

(Chevillard et al., 1958), rabbit (Bachtold and Pletscher, 1957), mouse (Kopera

and Armitage, 1958), rat (Kirkpatrick and Lomax, 1971), hamster and ground squir-

rel, but not pigeon (Hoffman and Zarrow, 1958). Yet, surprisingly, the initial

observation of chlorpromazine exerting a protective effect against cyanide in-

toxication was reported in pigeon. Also, it has been reported in in vitro

studies that chlorpromazine is an inhibitor of the cyanide sensitive enzyme,

cytochrome oxidase (Bernsohn et al., 1956). This latter observation is of in-

terest since one would anticipate an enhancement rather than an antagonism of

cyanide intoxication by chlorpromazine, as cyanide lethality has been attributed

to a decrease in tissue utilization of oxygen, presumably by inhibition of cyto-

chiome oxidase (Keilin, 1930; Warburg, 1931; Albaum et al., 1946; Schubert and

Brill, 1968).

The above paradoxical situations warrant further investigation concerning

the mechanism of antagonism of cyanide intoxication by chlorpromazine, parti-

cularly when it is employed in combination with the classic cyanide antagonists,

sodium nitrite and sodium thiosulfate (Chen et al., 1933). These current studies

were initiated in an attempt to investigate the mechanism of the antidotal pro-

perties of chlorpromazine on various biochemical and physiological parameters.



MATERIALS

Potassium cyanide was purchased from Fischer Scientific Company (Fairlawn,

NJ). Sodium nitrite, sodium thiosulfate, potassium phosphate, ferric nitrate,

potassium thiocyanate, and 38% formaldehyde were products of the J. T. Baker

Chemical Company (Phillipsburg, NJ). Chlorpromazine was obtained from Smith,

Kline and French Laboratories (Philadelphia, PA), and Tris was obtained from

Calbiochem (La Jolla, CA). Glucose and nitric acid were purchased from the

Mallinckrodt Chemical Works (St. Louis, MO), and uniformly labled 14C-glucose

(glucose-U- 14C) and Aquasol was obtained from New England Nuclear Corporation

(Boston, MA). Compressed air was a product of the Industrial Air Products (Port-

land, OR). All other chemicals employed in these studies were of the highest

purity commercially available.

METHODS

Male Swiss Webster mice weighing between 18-24 gms, were housed in air-

conditioned rooms maintained at 20-23*C. The mice were divided randomly into

various groups of four or more mice per group. Dose and route of administration

were as follows: Sodium nitrite (100 mg/kg, i.p.), chlorpromazine (10 mg/kg, i.p.),

methoxamine (10 mg/kg, i.p.), and sodium thiosulfate (1 g/kg, i.p.) were

administered 45, 30, 20, and 10 minutes respectively prior to the injection of

potassium cyanide (5-45 mg/kg, s.c.). All mice were sacrificed by decapitation.

Blood samples were obtained after decapitation and methemoglobin was determined

by the method of Leahy and Smith (1960). The rectal temperature was measured

with a thermister probe and a telethermometer (Yellow Spring Instrument Co.,

Yellow Spring, OH). Radlorespirometric studies with glucose-U- 14C were conducted

as previously described (Isom and Way, 1974). The area under the radiorespiro-

metric curve was determined with a planometer and correlated by cutting out the
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area under each curve 'and weighing it. One mouse is used in each radiorespiro-

metric study and the mean of four or more curves are determined in each experiment,

using a different mouse for each radiorespirometric study.

Cytochrome Oxidase Assay

At specific timie intervals after administration of cyanide and its antag-

onists, the mice were sacrificed by decapitation, the-brain was excised quickly,

and excess blood was removed by rinsing in cold saline. A 2% (w/v) crude homo-

genate was prepared in chilled distilled water (2*C) and diluted 10 fold with

0.02 H tris-HC1 buffer, pH 7.4. The incubation mixture in the spectrophoto-

-4
meter cuvette contained one-half ml of cytochrome c solution (10 M, reduced

with sodium dithionate), and 2.4 ml of 0.03 M tris-HC1 buffer. The density

of 0.1 ml of the 0.2% (w/v) brain homogenate was determined at 550 nm in a

Beckman model DU spectrophotometer. Finally 0.05 ml of saturated potassium

ferricyanide solution was added to completely oxidize the cytochrome c and

the optical density was redetermined. Cytochrome oxidase activity was expressed

as the first order rate constant (Cooperstein and Lazarow, 1951).

Protein concentration of the 0.2Z (w/v) brain homogenate was determined

by the method of Lowry (1951), and the rate constant was expressed in terms of

-1.-milligrams of protein per unit time (mg sec ) The enzymatic activity of the

brain homogenates were determined in duplicate and 4 or more animals were used

per treatment group.

Rhodanese Assay

The method of Sorbo (1955) was modified as follows: After the specific drug

treatments, brain tissue was removed from the animal as rapidly as possible. A

5% (w/v) brain homogenate was prepared with 0.0125 M sodium thiosulfate. One-

half =l of the homogenate was added to an incubation mixture containing 1 ml



m -5-

Na2 S2 03 (0.125 H), 0.5 ml XH 2 PO4 (0.20 H) and 0.5 ml KCN (0.25 M) and shaken in

a water bath for 5 minutes at 37.5"C in stoppered 25 ml erlenmeyer flasks. The

reaction was stopped with 0.5 ml of 38% formaldehyde solution. Then 2.5 ml of

ferric nitrate reagent was added and subsequently diluted with 20 milliliters

of distilled water and centrifuged at 6,000 x g for 10 minutes. The absorbance

was recorded at 460 rn with water in the reference cuvette, and the enzymatic

activity was expressed as mg of cyanide converted to thiocyanate per gram of

tissue. Standard curves were determined by adding known amounts of potassium

thiocyanate to the incubation mixture containing formaldehyde.

Potency Ratio Determination

Mice were distributed randomly into experimental groups, and the effects

of various treatments on the lethality of'cyanide were assessed. The LD5 0 values,

which were based on 24-hour mortality, were determined in five or more groups

that contained ten mice each. Respective slopes of the dose-response curves

for each experiment employing a .cyanide antagonist, or antagonists, were found

to be not significantly different from that for cyanide alone. The LD5 0 values

of these experiments were statistically analyzed according to the method of

Litchfield and Wilcoxon (1949). The confidence lits of the LD50 values are

expressed as 19/20 probability. After plotting the regression lines and deter-

mining that the slopes of log dose-mortality curves were not significantly

different from each other, the LD50 values of potassium cyanide with and without

antagonist(s) were compared by means of the potency ratios. The potency ratios

were then statistically compared.

Statistical Analyses

Standard errors and unpaired student's test were computed on a Wang 600

programmable calculator (Wang Laboratories, Tewksburg, HA). A probability level
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of 0. 05 was used in testing f or signif ant dif ferences between experimental

- groups.

L
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RESULTS

Investigation of the mechanism of chlorpromazine's antagonism of cyanide

lethality was a result of our earlier toxicity studies (Way and Burrows, 1976)

showing that only when chlorpromazine is combined with sodium thiosulfate, either

alone or with sodium nitrite, that a potentiating effect is observed.

Concentrations of methemoglobinemia are measured and evaluated with the

rates of formation after the administration of chlorpromazine, sodium nitrite,

sodium thiosulfate, and a combination of sodium nitrite and chlorpromazine.

The rate of formation of methemoglobin is quite rapid and maximal development

of 30 to 40% methemoglobin concentration occurs between 30 to 45 minutes (Fi-

gure 1). Chlorpromazine either alone or in combination with sodium thiosulfate

did not enhance the formation of methemnoglobin. Also, the combination of chlor-

promazine with sodium nitrite did not enhance the rate of formation nor the

amount of methemoglobin formed.

In order to evaluate the hypothermic response induced by chlorpromazine

in these experiments, it was necessary to investigate the effect of cyanide

under various conditions without chlorpromazine (Figure 2a). A transient fall

in body temperature was elicited in most experimental groups with a maximal

hypothermic response occurring approximately 30 minutes after cyanide adminis-

tration except when sodium nitrite was employed. When sodium nitrite is admin-

istered with potassium cyanide, the induced hypothermia is maximal at time zero

and the body temperature is rising in spite of the administration of potassium

.cyanide. The severity of the hypothermia produced appears to correlate to some

extent with the dose of potassium cyanide, as potassium cyanide alone (5 mg/kg)

produced the least hypothermic response, whereas the sodium nitrlte-sodium

thiosulfate combination with potassium cyanide (45 mg/kg) produced the most severe



hypotermia. hen chlorpromazine is included in these studies (Figure 2b),

the hypothermia produced was not only enhanced in intensity, but sustained

over a longer duration of action. The intensity of the hypothermia produced

did not correlate with the dose of potassium cyanide as in the studies with-

out chlorpromazine. In fact, chlorpromazine alone produced the greatest fall

in body temperature, and any combination of chlorpromazine with potassium

cyanide and/or its antagonists lessened the hypothermic response. When chlor-

promazine is administered alone, a maximal hypothermia occurs at 90 to 120

minutes (Figure 2b); however, when chlorpromazine is administered with cyanide,

an antagonism in the hypothermia occurs and the rise in body temperature is

sustained for 60 minutes before a decrease in temperature is resumed. In all

experiments the hypothermia induction was more greatly enhanced with chlor-

promazine. It is of interest to note that the most rapid onset in hypothermia

was elicited with the combination of sodium nitrite and chlorpromazine.

The effect of chlorpromazine on cytochrome oxidase was investigated, as

It was reported to be inhibitory in in vitro studies (Bernsohn et al, 1956).

An in vivo stimulation of cytochrome oxidase activity by chlorpromazine (Dod-

son et al, 1975) could not be confirmed. The effect of chlorpromazine on

various pretreatments in mice, as previously described, was examined with re-

spect to brain cytochxrome oxidase (Figure 31. Animals receiving potassium

cyanide (5 mg/kg) elicited a 62% inhibition of brain cytochrome oxidase, and

the addition of chlorpromazine had no effect on this cyanide induced inhibi-

tion. Animals receiving sodium nitrite and potassium cyanide (10 mg/kg) re-

sulted in a 45% inhibition of cytochrome oxidase and the combination of sodium

nitrite with chlorpromazine resulted in a further decreased inhibition of

cytochrome oxidase. Sodium thiosulfate has no apparent effect on cytochrome

oxidase and when it was administered with chlorpromazine a decrease in the



percent of cytochrome oxidase inhibition was manifested. The classic cyanide

antidotal combination with potassium cyanide produced a 432 inhibition and the

addition of chlorpromazine to this combination had no significant effect. It

should be pointed out that only each paired experiment can be compared and the

cross comparison between paired groups is not valid, since the dose of potas-

sium cyanide varied with each of the antidotal combinations.

The effect of chlorpromazine on rhodanese activity in the liver and brain

homogenates was investigated and the various treatment groups were found to

have no significant effect on brain rhodanese activity. The in vivo inhibitory

effect of potassium cyanide and/or sodium nitrite either alone or in combina-

tion with chlorpromazine on liver rhodanese could not be confirmed (Dodson et

al., 1975), as the rhodanese activity was found to be no different with or

without cyanide or nitrite.

The inhibitory action of chlorpromazine either alone or in various combi-

nations with sodium nitrite, sodium thiosulfate and potassium cyanide on acute

glucose oxidation was investigated by radiorespirometry, by determining the peak

interval (Figure 4) and cumulative yield. In animals receiving glucose-U-14C

and treated with saline (control) a peak respiratory excretion of 12.52 of the

14
administered reactivity as CO2 in a 6-hour period. Potassium cyanide caused

a shift in the maximal excretion of 14CO2  and the peak respiratory excretion

was displaced from 60 to 180 minutes. Approximately 532 of the administered

14
glucose-U- C was excreted as carbon dioxide. The above results are consistent

with our earlier studies (Isom and Way, 1974). When chlorpromazine alone was

administered without KCN, a sharp decrease in the oxidation of glucose-U-1 C

was noted (Figure 4). The peak Interval yield was decreased to 12, and the

cumulative yield was depressed to 12%. A possible shift in the peak excretion
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o O 14C02 was not apparent, as the peak interval curve was too greatly depfessed.

Similar radiorespirometric data was obtained when chlorpromazine was adminis-

tered in combination wlth potassium cyanide and/or with sodium nitrite. It is

of interest to note that with respect to the chlorpromazine-sodium thiosulf ate

combination, the inhibitory effect of chlorpromazine was significantly reversed

(Figure 4). In the mice receiving the chlorpromazine-sodium thiosulfate com-

bination, the peak respiratory excretion of glucose-U- 14C as CO2 was increased

to 3.52 of the radioactivity administered, and the radiorespirometric excre-

tion occurred at 90 minutes (Figure 4). The cumulative yield of CO2 derived

14
* from glucose-U- C after. six hours was approximately 32%. It is apparent that

the sodium thlosulfate-chlorpromazine combination enhances the oxidation of

glucose when compared to the combination of KCN-chlorpromazine.

Since chlorpromazine is believed to possess a adrenergic blocking proper-

ties, attempts were made to study the effect of an a agonist, e.g., methoxa-

mineon the protective effect of chlorpromazine in cyanide poisoning (Figure

5). The antidotal potency ratios,* expressed as the LD5 0 of antagonized cy-

anide over unantagonized cyanide, illustrates the overall beneficial effect

of chlorpromazine under certain conditions to protect against cyanide poison-

ingas we have reported earlier (Way and Burrows, 1976). However, this

chlorpromazine potentiation against the lethal effects of cyanide was re-

versed by methoxamine. It should be pointed out that all possible combina-

tions of the LD values of all experimental groups were compared statisti-

cally by means of the potency ratio so that the cross comparison of any group

would be valid. Under these circumstances, it is apparent that chlorproma-

zine either alone or in combination with sodium nitrite does not enhance the

protection against the lethal effects of potassium cyanide (Way and Burrows,



* 1976), and uethoxamine has no apparent effect on either of these two antido-

tal combinations. When chlorpromazine was employed with sodium thiosuif ate,

either alone or in combination with sodium nitrite, the potency ratios were

enhanced. However, the addition of methoxamine to the above antidotal com-

binations appeared to antagonize the synergistic effect of chlorpromazine,

as the potency ratios of the methoxamine-treated animals were no different

* from those animals which received no chlorpromazine.
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DISCUSSION

The interpretation of these results is complex, since so many drugs were

employed in this experimental design. Also these studies are attempting to

relate the pharmacologic effect of very high, but still sublethal doses of

cyanide, with the mechanisms of'lethallty. The basis of these studies are

whether chlorpromazine Induced hypothermla, as reported by other laboratories,

contributes significantly to the antagonism of cyanide antagonism, and whether

some alternative pharmacologic properties of chlorpromazine may provide a ba-

sis for this antidotal effect.

Under the conditions of these studies, it seems that the chlorpromazine

induced hypothermia probably bears very little, if any, relationship to the

antagonism of cyanide intoxication. Chlorpromazine produces the greatest

decrease in body temperature without sodium thiosulfate; yet chlorpromazine

alone provides no protective effect, whereas with sodium thiosulfate a striking

potentiation of the prptective effect is noted. Also, one of the most

rapid falls inbody temperature and most severe hypothermia is produced by the

sodium nitrite-chlorpromazine combination, and chlorpromazine again does not in-

crease the protective effect of sodium nitrite. Lastly, the smallest net de-

crease in body temperature with chlorpromazine is noted with the sodium ni-

trite-sodium thiosulfate combination; yet, a significant increased protective

effect is noted when chlorpromazine is added. The hypothesis that chlorpro-

mazine induces hypothermia, causes a decrease in body requirement for oxygen

and thereby protects against cyanide toxicity is a reasonable one: however,

the present studies indicate there appears to be no relationship between the

protective effect of chlorpromazine with its drug-induced hypothermia.

I.
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With respect to the effects of chlorpromazine on cytochrome oxidase,

brain preparations were employed, as it is presumed that the predominant site

of cyanide lethality is central. Although considerable changes in cytochrome

oxidase activity were noted in these studies, there appears to be no consis-

tent relationship between the protective effect of chlorpromazine with brain

cytochrome oxidase activity. It should be pointed out that chlorpromazine

in combination with sodium nitrite does not enhance the protective effect

of sodium nitrite against cyanide lethality. These results are of interest,

as this combination produced one of the greatest hypothermic response and the

least inhibition of cytochrome oxidase. With a decreased demand on oxidative

processes due to the induced hypothermia, and decreased inhibition of the

terminal oxidative enzymes presumably through competition with methemoglobin

for cyanide, one would have expected this combination to have exerted some

enhanced protective effect against the lethality of cyanide intoxication.

It is not surprising that sodium thiosulfate has- little effect on cytochrome

ixidase activity, as the distribution of this sulfur donor to the central

nervous system is limited.

The enzymatic activity of rhodanese in brain and liver to detoxify cyanide

was not affected by chlorpromazine. Although chlorpromazine contains a sul-

fur atom and may serve as a substrate for rhodanese, the substrate specificity

of this enzyme has been investigated by S~rbo (1953a,b), and chlorpromazine

should not serve as a sulfur donor for this enzyme.

Studies on glucose oxidation by radiorespirometrIc studies were prompted

primarily because our earlier studies with oxygen indicated that the antagonism

of cyanide toxicity also resulted in a reversal of cyanide inhibition of glucose
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oxidation (Isom and Way, 1974). It was of interest to determine if chlorpromazine

exerted a similar biochemical effect. Stimulation of anaerobic glycolysis by

cyanide is attributed to the inhibition of cytochrome oxidase resultin? in a

shift from aerobic to anaerobic metabolism (Albaum et al., 1946; Estler, 1965;

Detwiler, 1972; Isom and Way, 1974). Unfortunately chlorpromazine alone has a

profound effect on glucose oxidation. This striking decrease in glucose oxi-

dation may be partly but not totally related to the induced hypothermia (Fisher

et al., 1958; Maur et al., 1962; Fuhrman and Fuhrman, 1963; Hennerman et al.,

1958). The correlation of the reversal of cyanide toxicity and glucose oxida-

tion, as had occurred in the presence of oxygen (Isom and Way, 1974) would

probably be masked by the inhibitory effect of chlorpromazine itself on glucose

oxidation. It is of interest to note that sodium thlosulfate alone inhibits

glucose oxidation (Isom and Way, 1974); however, when it is combined with po-

tassium cyanide and chlorpromazine, all of which are known to inhibit glucose

oxidation, the net result is an enhanced glucose oxidation over that of chlor-

promazine either alone or with potassium cyanide.

Since chlorpromazine does possess adrenergic blocking properties at-

tempts were made to relate this pharmacologic action of chlorpromazine with

its ability to enhance the antagonism of cyanide lethality. Subsequent to

these studies, other zadrenergic blocking agents such as phenoxybenzamine

have been found to antagonize the lethal effect of cyanide (Burrows et al.,

1977).The pattern of the cyanide antagonism produced by these -adrenergic

blocking agents resemble those of chlorpromazine, i.e., they produce no en-

hancement of the antagonism of the lethal effects of cyanide either alone or

in combination with sodium nitrite,and they strikingly potentiate the effects

!I
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of sodium thiosulf ate and enhance the protective effect of the sodium nitrite-

sodium thiosulfate combination.

The ability of methoxamine to reverse the protective effect of chlorpro-

mazine provides a possible mechanism for its protective action. This is of

particular interest, as when chlorpromazine does not enhance the protective

effect against cyanide lethality, methoxamine appears to have no effect. As

the dose of cyanide is increased, various other toxic mechanism may come into

play other than the inhibition of cytochrome oxidase. For example, autonomic

shock from the release of biogenic amines may play a role in the lethal ef-

fects of high doses of cyanide and chlorpromazine may be exerting a protective

effect through -C adrenergic blockade. A more detailed investigation of the role

of adrenergic blockade in cyanide lethality is projected with phenoxybenza-

mine rather than with chlorpromazine, because of the relative ease of pharma-

cologic analysis of the former compound.

In conclusion, various mechanisms were investigated on how chlorpromazine

antagonizes the lethal effects of cyanide intoxication. This protective

effect clearly is not related to the hypothermic response as proposed by

other investigators. The ckadrenergic blocking property of chlorpromazine

provides a basis for this antidotal effect of chlorpromazine.
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Fig. 1. ate and total formation of methemoglobin in mice after NaNO2

(100 mg/kg), Na2S203 (1 gm/kg) and chlorpromazine (10 mg/kg)admini-

stration. Nethemoglobin Is expressed as percentage of total hemo-

globin. a-A NaNO2; Q---- NaNO2 + CPZ; 0---OC CPZ; 0--0

a2 S2 O3 .

Fig. 2a. The effect of KCN and antagonists without chlorpromazine on the

mean rectal temperature in mice. 0 ---0 Saline control; 6 -.

KCN (5 mg/kg); &-& NaNO2 (100 mg/kg) + KCN (10 mg/kg); 0 -0

Na2S203 (1gm/kg) + KCN (15 mg/kg); A'--A NaNO2 (100 mg/kg) +

Na2S203 (1gm/kg) + KCN (45 mg/kg).

Fig. 2b. The effect of KCN and antagonists in combination with chlorpromazine

(10 mg/kg) on the mean rectal temperature in mice. 0 -0 Saline

control; * -. CPZ; A-A CPZ + XCN (5 mg/kg); A--A CPZ +

NaNO (100 mg/kg) + KCN (10 mg/kg); 0 -- 0 CPZ + Na2S203 (1 gm/kg)

+ KCN (15 mg/kg); A---A CPZ + NaNO2 (100 mg/)Cg) + Na2S203 (lgm/kg)

+ KCN (45 mg/kg).

Fig. 3. Percent inhibition of mouse brain cytochrome oxidase by KCN in

vivo with and without antagonists.



Fig. 4. Respiratory excretion of 14CO 2at 30 minute intervals fromD mice

14
administered glucose-U- C after pretreatment with various combinations

of KCN (5 mg/kg), chlorpromazine (10 mg/kg), NaqO 2 (100 w.g/kg) and

A Na S 03 (1gm/kg). G - C Saline control; A - A KCN; S -

CPZ + Na 2S 20 3+ KCN; 0 - 0 CPZ + NaNO 2 + KCN; al-- CPZ; A -- A

KCN+ CPZ.

Fig. 5. Antidotal potency ratios of KCN with and without antagonist. In

KCN (control), isotonic saline was employed as the antagonist.

Potency ratio =KCN with antagonist(s) /KCN without antagonist(s).
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SECTION 2

Effect of Antagonists on the Physiological Disposition of Sodium Cyanide
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There has been very little study on the effect of cyanide antagonists on

the physiological disposition of cyanide. Investigation in this area may per-

mit the gaining of greater insight into the selection of antidotal coubinations.

These studies have focused on the effects of oxygen and air either alone or in

various combinations with sodium nitrite and/or sodium thiosulfate.

In cyanide intoxication the inhibition of cytochrome oxidase is believed

to be the primary lethal effect (Keilln, 1930 Warburg, 1931). Since oxygen

transport and tension are generally adequate, administration of oxygen should

serve no useful purpose in antagonizing cyanide intoxication. However, oxygen

has been shown to be of value in reversing some of the toxic effect produced by

cyanide (Bernthal et al.,1928; Ivanov, 1959; Levine, 1959; Paulet, 1960: Cope,

1961; Skene et al., 1966) particularly if oxygen (Sheehy and Way, 1968) is

administered in combination with sodium nitrite and sodium thiosulfate (Chen

and Rose, 1952). Tolbert and Hughes (1959) indicated that approximately 10%

of the radioactivity from tracer doses of Na 14CN was recovered in the respired

air and Gibson et al. (1969) reported that a high alveolar PO2 would enhance

the respiratory excretion of cyanide. These above observations suggest that

oxygen may enhance the excretion of cyanide, especially when very high doses

are employed.

The proposed study described herein was to evaluate the effects of 02,

NaNO2 , and N2S203 either alone or in various combinations on the excretion of

radioactive cyanide.



-2-

Materials

Compressed air and 100% oxygen were obtained from Industrial Air Products

(Portland, OR). Carbon-14 labeled NaCN was purchased from the New England Nuclear

Corporation (Boston, MA). This radioactive material was diluted with nonradio-

active NaCN so that each animal received a tracer dose of approximately 5 UCi in

a total dose of 5 mg/kg. Sodium nitrite and sodium thiosulfate were obtained

from Fisher Scientific Company (Fairlawn, NJ). All chemicals employed in these

studies were of the highest purity commercially available.

Methods

Male Swiss Webster mice weighing approximately 27 to 30 g were employed in

these experiments. Radiorespirometry was conducted in a Roth Metabolism Chamber

with minor modifications as described by Wang (1967). An organic trapping solu-

tion, ethanol-ethanolamine (2:1, v/v),was used to collect the radioactive com-

pounds in the respiration gases. It should be pointed out that cyanide binds

readily with most metals and therefore could not be determined accurately using

a standard vibrating reed ionization chamber as has been employed by other in-

vestigators.

Pretreatment with air or 02 and other antidotes was accomplished using

a wooden container (24 x 12 x 12 inches) with a Plexiglass top and 2 rubber

portholes to accommodate the operator's hands. Subsequent to the subcutaneous

administration of Na 4CN, the mouse was placed in a glass respiration chamber.

Respiratory gases produced were swept from the chamber through the trapping

column which contained 20 ml of the trapping solution at a flow rate of 100

ml/min with air or 100Z 02. For the first 2 hours the trapping solution was

collected at 10 minute intervals and for the final 1.5 hours it was collected

- -V
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at 30 minute intervals. This trapping solution was withdrawn from the column

by forcing it gently through a fritted glass disc into a 25 ml graduated cylinder.

Absolute ethanol was added to make up for losses incurred through evaporation.

A 5 ml aliquot of the trapping solution was added to 10 ml of scintillation fluid

[4.0 g PPO, 0.3 g POPOP, and to toluene to make a volume of 1 litter (Wang, 1967)]

and the radioactivity was determined in a Packard TriCarb Liquid Scintillation

Counter (Model 3003). Aliquots of the trapping solution were acidified with

N H2 SO4 and the gases were trapped in 0.5 N NaOH. The radioactive carbon

dioxide was determined as BaCO3 (Lindenbaum et al., 1948) and the remaining

radioactivity in solution was determined by liquid scintillation. Less than

5% of the respiratory gas could be attributed to carbon dioxide.

Urine was collected under a dry ice ethanol mixture. The urine volumes were

determined and 10 .1 aliquots were added to 10 ml of Bray's Solution (Bray, 1960)

and counted on the scintillation counter.

Immediately after completion of an experiment, the mouse was stunned and

quickly frozen in an acetone-dry ice slurry and the frozen carcass was stored at

-190°C for later analysis. The frozen mice were homogenized for 5 minutes in

4 volumes of cold 0.2 M sodium carbonate buffer, pH 10. A 0.4 ml aliquot of

this homogenate was added to 1.5 ml of tissue solubilizer (Protosol, New England

Nuclear Corp.) ; incubated at 55°C for 60 minutes in a closed vial, and chilled.

To this cold incubation mixture was then added 15 ml of scintillation fluid

(4.0 gm PPO, 0.2 gm POPOP, 300 ml abs. ethanol, and toluene to make a volume of

1 liter) and the radioactivity was measured.

These experiments were carried out using 5 or more mice in each group. Air

or 02 vas used either alone or in various combinations with NaNO2 and/or Na2S203.

oxygen (or air), NaNO2 (100 mg/kg, i.p.), and Na 2 S 20 3 (1 g/kg, i.p.) were administerei
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60. 45, and 15 minutes respectively prior to the administration of NaCN (5 mg/kg,

s.c.). The timing for the excretion of radioactivity began after cyanide admin-

istration. The area under the curve of the plot of the'cumulative data was

determined with a planometer.

The IBM 360 computer was programmed for the t test at a level of significance

of 19/20 probability. This computer was interfaced with a Calcomp plotter acces-

sory so that subsequent to the imput of the data, all construction drawings of the

respiratory excretion curves were done solely by the Calcomp plotter. The level

of significance between this mean of the different respiratory excretion curves,

i.e., initial rate of excretion peak yield, area under the curve, cumulative

yield, etc., were statistically analyzed by the computer. It should be pointed

out that a different mouse is employed to obtain each respiratory excretion curve.

Each curve presented graphically represents the mean of five or more individual

curves. In other words, the data of each experiment were retrived from the

memory core of the computer and the mean of five or more separate excretion

curves was plotted by the computer interfaced with a Calcomp plotter. Almost

simultaneously all the statistical parameters for the mean of each excretion

curve were obtained and also cross comparison between all of the experimental

groups were statistically analyzed by the computer.
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RESULTS

All results are expressed as percent of total radioactivity recovered in

order to compensate for small differences in the amount of radioactivity admin-

istered between the various experimental groups. Statistical comparisons of

the mean radiorespirometric curves between 02 and air with NaNO2 and/or Na2 S203

in all possible experimental combinations were analyzed with an IBM 360 com-

puter.' However, in some instances, only a single illustration is presented as

representative of all experimental groups.

The peak yield for the excretion of radioactivity in respired air after

Na 14CN administration varied between 40 and 80 minutes (Fig. 1). Oxygen signi-
ficantly enhanced the respiratory excretion of radioactivity from Na14CN at the

peak yield when compared with air either alone or in combination with Na S 0
2 2 3

Furthermore, Na 2S20 3 accelerated the initial rate of excretion of radioactivity

in the respired air in both air and oxygen treated animals, as the peak yield

occurred at 40 minutes with Na2S203 and at approximately 80 minutes without Ns2S203.

It is important to note that during the ascending portion of the curve, admin-

istration of 02 alone had very little influence on the initial rate of excretion

of respiratory 14C; however, a significant increase in the excretion continued

after the peak yield in air was attained. The enhancement in the total excretion

is best illustrated in Figure 2 by the cumulative recovery curves. It should be

noted that Na2 S20 3 accelerated the initial rate, but not the total amount of radio-

activity excreted, whereas 02 increased the amount of radioactivity excreted, but

did not affect the initial rate of excretion.
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When Na&NO 2 was employed (Fig. 3) either alone or with Na 2 S2 O03 9 the increase

in rate and amount of excretion of radioactivity observed with Na 2 S20 3 and 0 2

alone respectively was not elicited, as no difference was noted between air and

02 in the presence of NaNO 2.

Treatment with NaNO -Na2 2  combination either with air or 02 resulted in

a marked decrease in the initial rate as well as the total amount of radioactivity

excreted when compared with any other treatment group (Fig. 4). Only the data

with oxygen are shown, but similar results were obtained with air in the four

respective experimental groups. Although Na 2 S2O03 accelerated the inItial rate

of excretion from Na 14CN (Fig. 4.), the total amount of excretion was no greater

than the group not receiving Na 2 S2O03 * The NaNO 2 may have caused a slight de-

crease in the amount of excretion; however, this decrease was not significant

when compared with the 0 2alone or Na2 S2 03 groups. The total cumulative ex-

cretion of respiratory 14C from Na 14CN for all groups was approximately 4 to 5%

of the administered dose an occurred predominantly during the first 120 minutes.

The cumulative recovery of respiratory 14C appears to be consistently greater in

all groups given 0 2 over the respective groups with air, but the difference was

significant only with the group receiving either no pretreatment or with Na 2 S2O03

alone.

Urinary excretion of radioactivity was greater than the respiratory excretion.

Urine volumes were of nearly equal magnitude for all treatment groups for the

210 minute period. The total recovery of urinary radioactivity was approximately

I to 9Z of the dose administered and there were no differences noted between any

of the experimental groups. With regard to the radioactivity retained in the

body there also were no differences noted between experimental groups. The total

recovery of the administered dose was approximately 92% to 103%.



DISCUSSION

The rate of respiratory excretion of cyanide is probably directly dependent

upon the free cyanide level in biological fluids. At physiologic pH values, the

cyanide would exist predominantly in the unionized form of HCN, because the pKa

is 9.2 (Izatt et al., 1962); hence, it should be excreted relatively rapidly by

the respiratory route. If the rate of respiratory excretion of radioactivity is

dependent upon the tissue levels of free cyanide, then those treatment groups

which decrease binding, for whatever reason, should have the most rapid rate of

excretion of cyanide. It was somewhat surprising that those animals which re-

ceived Na2S203 alone should have a more rapid initial rate of respiratory excretion

than those receiving only air or oxygen. This may be attributed to the fact

that thiocyanate, the product of cyanide detoxication (Lang, 1932; Himwich and

Saunders, 1948; Sorbo, 1953), is extensively bound with proteins (Pollay et al.,

1966; Gibson et al., 1969; Pande and Mclenamy, 1970). Sodium thlosulfate by

virtue of enhanced thiocyanate production, may compete for cyanide binding

sites, as both cyanide and thiocyanate are nucleophilic reagents, causing

an increase in cyanide availability for respiratory excretion if it is dis-

placed from these elec ron deficient sites. This proposal would be consis-

tent with the work of Schubert and Brill (1968) which indicates the rapid

action of ba2S20 3  in the production of increase tbiocyanate formatlon.

The respiratory elimination of cyanide has been examined by several

investigators (Boxer and Rickards, 1952; Tolbert and Hughes, 1959; Friedberg

and Schwarzkopf, 1969) and for cyanide alone our studies agree with most

other studies. However, Tolbert and Hughes (1959) using rats administered

Na 14CN (1.7 mg/kg) recovered about 1OZ of the radioactivity in the respired



air and their results served as the basis for these studies. Unfortunately,

It should be noted that in those studies, an ionization chamber was utilized

to determine the radioactivity in the respired air. Our experience with

* such instrumentation indicates that cyanide binds avidly with the metal of

the ion chamber thereby yielding erroneously high values.

The urinary and respiratory excretion of radioactive cyanide reflects approxi-

mately 13 percent of dose administered. Although this fraction may appear

to be relatively small, it should be emphasized that the toxicity of cyanide pro-

bably resides in this labile or loosely bound cyanide pool rather than in the large

inert bound cyanide or metabolite pool.

It should be pointed out that short term oxygen administration itself has

very little effect on respiratory parameters (Watt, et al., 1943) and also ap-

pears to have minimal effects on the respiratory alterations produced by NaCN

in dogs (Burrows -et al., 1973). The increased respiratory excretion with oxygen

alone may provide, in part, a basis for its enhanced antagonism of cyanide; how-

ever, other contributing mechanisms are essential to rationalize the more

striking potentiation of oxygen with the sodium nitrite-sodium thiosulfate anti-

dotal combination. It seems reasonable that the protective effect of oxygen

probably reflects the algebraic sum of multiple protective mechanisms rather

than a single one. Also these different mechanisms, although they may be minor

by themselves, may potentiate each other such as in the interplay of oxygen,

sod'um nitrite and sodium thiosulfate. A question may be raised as to whether the en-

hanced respiratory excretion by oxygen, under certain conditions, contributes

any role in antagonizing cyanide intoxication as the effects are not observed

until forty to seventy minutes later and the lethal effects of cyanide can occur
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sooner. In in vivo studies such as these, there is a time lag before the

experimental effects become apparent. This would not be much different

from the fact that there is a significant time lapse if one measures methe-

moglobin formation from sodium nitrite, and thiocyanate formation after

sodium thiosulfate; yet, there has been little question raised as to these

agents being effective cyanide antagonists, and that they exert their anti-

dotal effect by binding and detoxifying cyanide.

In summary, the in vivo effect of various cyanide antagonists on the

physiological disposition of cyanide has been presented, and the potential

significance of these results in the antagonism of cyanide intoxication are

discussed.



'Research was supported by Research Grants from the National Institutes

of Health, U.S. Department of Health, Education and Welfare.

2 Department of Physiological Sciences, Oklahoma State University, Still-

water, Oklahoma.

3 Stanford Research Institute, Department of Fish Biology, Menlo Park,

California.



REFERENCES

Bernthal, T. B., Bronk, D. W., Cordero, N., and Gesell, R. (1928). The regulation
of respiration. XVIII. The effects of low and high alveolar oxygen pressure
and of sodium cyanide on the carotid and femoral flow of blood as studied
with the continuous electrometric method. Am. J. Physiol 83:435-444.

Boxer, G. E. and Richards, J. C. (1952). Studies on the metabolism of the car-
bon of cyanide and thiocyanate. Arch. Biochem. 39:7-26, 1952.

Bray, C. A. (1960). A simple efficient liquid scintillator for counting aqueous
solutions in a liquid scintillation counter. Analyt. Biochem. 1:279-285.

Burrows, E. C., Liu, D. H. W., and Way, 3. L. (1973). Effect of oxygen on
cyanide intoxication. V. Physiologic effects. J. Pharmacol. Exp. Ther.

184:739-748.

Chen, K. K. and Rose, C. L. (1952). Nitrite and thlosulfate in cyanide poisoning.
J. Amer. Med. Assoc. 149:113-119.

Cope, C. (1961). The importance of oxygen in the treatment of cyanide poisoning.
J. Am. Med. Assn. 175:1061-1064.

Friedberg, K. D. and Schwarzkopf, H. A. (1969). Blausaureexhalation bei der
cyanidvergiftung, Arch. Toxicol. 24:235-248.

Gibson, Q. H., Parkhurst, L. J. and Geraci, G. (1969). The reaction of methemo-
globin with some ligands. J. Biol. Chem. 244:4668-4676.

Himwich, W. A. and Saunders, J. P. (1948). Enzymatic conversion of cyanide to
thiocyanate. Am. J. Physiol. 153:348-354.

Ivanov, K. P. (1959). The effect of elevated oxygen pressure on animals poisoned
with potassium cyanide. Pharmacol. and Toxicol. (Russian, Translation,
Consultants Bureau Inc.) 476-479.

Izatt, R., Christensen, J., Pack, R., and bench, R. (1962). Thermodynamics of
Metal-Cyanide Coordination. I pK, AH , and AS Values as a Function of

Temperature for Hydrocyanice Acid Dissociation in Aqueous Solution. In-
organic Chemistry 1:828-831.

Kelln, D. (1930). Cytochrome and intracellular oxidase. Proc. R. Soc. 106:

418-444.

Lang, K. (1932). Die rhodanbildung in tierkorper. Biochem. Z. 259:243-256.

Levine, S. (1959). Oxygen in the therapy of cyanide poisoning. J. Am. Med.

Assn. 170:1585.

Lindenbaum, A., Schubert, J., and Armstrong, W. D. (1948). Rapid wet combustion
method for Carbon determination (with particular reference to isotopic

carbon). Anal. Chem. 20:1120.



Pande, C. S. and McMenamy, R. H. (1970). Thiocyanate binding with modified
bovine plasma albumins. Arch. Biochem. Biophys. 13:260-267.

Paulet, G. (1960). L'intoxication cyanhydrique et son treatment, pp. 48-51.
Masson and Co., Paris.

Pollay, M., Sevens, A., and Davis, C. (1966). Determination of plasma-thiocyanate
binding and the Donnan ratio under simulated physiological conditions. Analyt.
Biochem. 17:192-200.

Schubert, J., and Brill, W. A. (1968). Antagonism of experimental cyanide toxicity i
in relation to the in vivo activity of cytocbrome oxidase. J. Pharmacol.
Exp. Ther. 162:352-359.

Sheehy, M., and Way, J. L. (1968). Effect of oxygen on cyanide intoxication.
111. Mithridate. J. Pharmacol. Exp. Ther. 161:163-168.

Skene, W. G., Norman, V. N., and Smith G. (1966). 3rd International Conference
on Hyperbaric Medicine, ed. by I. W. Brown, Jr., and B. C. Cox, pp. 705-710.
Nat. Acad. Sci. Washington D.C.

S~rbo, B. (1953). Crystalline rhodanese. I: Purification and physiochemical
examination. Acta Chem. Scand. 7:1129-1136.

14
Tolbert, B. M. and Hughes, A. M. (1959). C -labeled cyanide: Radioactivity

excretion in mice and estimation of radiation dose to humans. Metab. Clin.
Exp. 8:73-78.

Wang, C. H. (1967). Radiorespirometry, Methods of Biochemical Analysis. Inter
Science Publication. 15:311-368.

Warburg, 0. (1931). Uber nicht-hemmung der zellatmung durch blausaure.
Biochem. Z. 231:493-497.

Watt, J. G., Dunke, P. R., and Comroe, J. H. (1943). Effects of inhalation of
100% and 14% oxygen upon respiration of unanesthetized dogs before and after
chemoreceptor denervation. Am. J. Physiol. 138:610-617.



LEGENDS

Figrue 1 Comparison of the respiratory excretion of radioactivity

at 10 minute intervals between oxygen and air either alone

or in combination with Na2S203 (1 g/kg. i.p.) in mice

14
receiving Na CN (5 mg/kg. s.c.).

Figure 2 Cumulative respiratory excretion of radioactivity between

air and oxygen alone or in combination with Na2S203 (1 g/kg,

i.p.) in mice receiving Na 4 CN (5 mg/kg, s.c.).

Figure 3 Comparison of the respiratory excretion of radioactivity in

10 minute intervals between oxygen or air with NaNO2 (100 mg/kg.

i.p.) either alone or in combination with Na2S203 (1 g/kg, i.p.)

in mice receiving Na4 CN (5 mg/kg, s.c.).

Figure 4 Cumulative respiratory excretion of radioactivity between

various combinations of 029 NaNO2 (100 mg/kg, i.p.) and

Na2S203 (1 g/kg, i.p.) in mice receiving Na 1CN (5 mg/kg, s.c.).
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SECTION 3

. Changes in Cyanide Response by Oxygen



In cyanide poisoning, oxygen utilization by the tissues is depressed due

to inhibition of the respiratory enzyme, cytochrome oxidase (Keilin, 1930;

Warburg, 1931); therefore, oxygen transport and oxygen tension are generally

considered adequate, at least prior to the onset of the respiratory and car-

diovascular collapse. Based on this reasoning, the administration of

oxygen should serve no useful purpose in antagonizing cyanide intoxi-

cation. However, studies (Way et al., 1966 a, b; Sheehy and Way, 1968) have

demonstrated that protection against cyanide intoxication in mice can be

enhanced by the administration of oxygen, especially when oxygen is employed

in combnation with sodium nitrite and sodium thiosulfate.

Although there are numerous reports on the in vitro inhibition of cyto-

chrome oxidase by cyanide, there have been very few studies conducted at the

in vivo level. This is surprising, as the correlation of cyanide toxicity with

its physiologic disposition and the rate of in vivo inhibition and reactivation of

cytochrome oxidase are essential to evaluate the various antidotal combinations.

Albaum et al (1946) have indicated that a lethal dose of cyanide will produce an

in vivo inhibition of brain cytochrome oxidase. A more recent study has

been reported (Schubert and Brill, 1968) which correlates the syndrome of cyanide

poisoning and the effect of the classic cyanide antidotal combination of sodium

nitrite and sodium thiosulfate with the rate of in vivo inhibition and reactivation

of liver and spleen cytochrome oxidase.

The present study was initiated to investigate some of the biochemical changes

involved in the protection afforded by oxygen in cyanide toxicity.



MATERIALS AND METHODS

Materials

The chemicals and their suppliers were as follows: potassium cyanide,

sodium dithionate and potassium ferricyanide, Fisher Scientific Company

(Fairlawn, NJ); cytochrome c (Type II, horse heart), Sigma Chemical Company

(St. Louis, MO); Tris (grade A), Calbiochem (LaJolla, CA); reagent grade

sodium-potassium tartrate, cupric sulfate, sodium nitrate, sodium thiosulfate,

38Z formaldehyde solution, ferric nitrate, and potassium thiocyanate, J.T.

Baker Company (Phillipsburg, NJ); practical grade p-benzoquinone ,

Eastman Kodak Company (Rochester, NY); dimethyl sulfoxide (DMSO), spectro-

photometric grade, Aldrich Chemical Company (Milwaukee, WI); oxygen and

nitrogen mixtures, Matheson company, Inc. (Rutherford, NJ); compressed air,

Industrial Air Products Company (Portland, OR).

All solutions were prepared in deionized, double distilled water and

were prepared immediately before use. The cyanide content of potassium cyanide

was analyzed by the method of Liebig (Kolthoff and Sandell, 1943), and

p-benzoquinone was purified by sublimation.

The chamber employed to administer oxygen and compressed air to the

mice was constructed of 3/4-inch plywood (length, 24 inches; width, 12

inches; and height, 12 inches) with a 1/4-inch plexiglas top and two

rubber portholes on the side which could be sealed. The chamber was

relatively gas-tight and the rubber portholes were designed to fit

snugly around the operator's arms. Oxygen concentration within the

chamber was periodically monitored by means of a Mira Oxygen analyzer

(Mira Corporation, Los Angeles, CA) and an oxygen concentration was

maintained within 2% of the gas cylinder concentration in all parts of

the chamber.



Cytochrome Oxidase Assay

Sixty minutes before administration of KCN, male Swiss-Webster mice

(Horton Animal Laboratory, Oakland, CA) were placed in the treatment chamber

which was equilibrated with the appropriate gas mixture. Sodium nitrite

(100 mg/kg, subcutaneous) and sodium thiosulfate (I g/kg, intraperitoneal)

were administered 45 and 15 minutes, respectively, prior to KCi which was

injected intraperitoneally in a volume corresponding to 12 of body weight.

The animals were removed from the chamber at specific time intervals after

KCN administration and sacrificed by decapitation. The liver was excised

quickly, and excess blood was removed by blotting with filter paper. A

102 (w/v) crude liver homogenate was prepared in chilled distilled water

(2°C) by use of a motor drive teflon tissue homogenizer and subsequently

diluted to a 0.2% (w/v) liver homogenate with chilled (2*C) 0.03 M tris-

HCL buffer, pH 7.4.

The incubation mixture contained one-half ml of cytochrome c solution

(10 -, reduced with sodium dithionate) which was standardized by the method

of Potter (1964), 2.4 ml of 0.03 M tris-HCL buffer, pH 7.4. and 0.1 ml of the

0.2% (w/v) liver homogenate. Analysis was conducted over a 5-minute period

at 550 nm in a Beckman model DU spectrophotometer. Finally,0.05 ml of

saturated potassium ferricyanide solution was added to oxidize completely

the cytochrome c and the optical density was redetermined. Cytochrome oxidase

activity was expressed as the first order rate constant (Cooperstein and

Lazarow, 1951; Smith, 1954). Protein concentration of the 0.2% (w/v) liver

homogenate was determined by the method of Lowry (1951). The rate constant

was expressed in terms of milligrams of protein per unit time (mg- 1 se- 1 ).

The enzymatic activity of the liver homogenates were determined in duplicate

and 4 or more animals were used per treatment group.
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Brain cytochrome oxidase activity was determined with the following

modifications. After removal of the brain, a 2% (w/v) crude homogenate

was prepared in chilled distilled water (20C) and diluted 10 fold with 0.02

M tris-HCL buffer, pH 7.4. Brain cytochrome oxidase activity then was

determined as described for liver cytochrome oxidase.

Blood Cyanide Determination

Mice were pretreated in air or oxygen (95%) and administered sodium

nitrite and sodium thiosulfate as described for the cytochrome oxidase

determinations. Blood cyanide was determined by the method of Guilbault

and Kramer (1965) with minor modifications (Isom and Way, 1975).

Plasma Thiocyanate Determination

Mice were treated and blood samples were collected as described for

the blood cyanide determinations. A 0.3 ml plasma sample was transferred

to a 15 ml corex centrifuge tube containing 1.0 ml of distilled water. Then

2.5 ml of ferric nitrate reagent [100 g Fe(N03)3 9H20 and 200 ml HNO3

(sp. g=l.l0)diluted to one liter with distilled water] was added, and the

mixture was centrifuged at 10,000 x g for 10 minutes in a Sorvall type RC-2

automatic refrigerated centrifuge (Ivan Sorvall, Inc., Norwalk, CT). Ab-

sorbance was recorded at 460 nm in a Beckman DU spectrophotometer (Beckman

Instruments, Inc., Fullerton, CA) with a normal (untreated) plasma sample

used as the reference. The determination of thiocyanate is based on the red

color of the thiocyanate-ferric ion complex (Himwich and Saunders, 1948).

Plasma thiocyanate concentration was then determined from a standard curve

which was prepared daily.

Rhodanese Assay

The method of Srbo (1955) was modified as follows: After the specific

drug treatments, brain and liver tissues were removed from the animal as

-' a.E
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rapidly as possible. A 1OZ (w/v) crude liver homogenate was prepared in

0.0125 M sodium thiosulfate by use of a motor driven teflon tissue homogenizer

A 2Z (w/v) homogenate was then prepared by transferring 5.0 =l of the 10%

crude homogenate to a 25 ml volumetric flask and bringing the volume to 25 al

with ice cold 0.0125 M sodium thiosulfate. With respect to brain tissue,

a 5Z (w/v) homogenate was prepared with 0.0125 M sodium thiosulfate. Then

0.2 ml of the 2% (w/v) liver homogenate or 0.5 ml of the 5% (w/v) brain

homogenate was added to an incubation mixture containing 1 ml Na S 0 (0.125 M),

0.5 ml KE2 PO4 (0.20 M) and 0.5 ml KCN (0.25 M) and shaken in a water bath

0
for 5 minutes at 37.5 C in stoppered 25 ml erlenmeyer flasks. The reaction

was stopped with 0.5 ml of 38% formaldehyde solution. Then 2.5 ml of ferric

nitrate reagent was added and subsequently diluted with 20 milliliters of dis-

tilled water and centrifuged at 6,000 x g for 10 minutes. The absorbance

was recorded at 460 nm with water in the reference cuvette, and the enzymatic

activity was expressed as mg of cyanide converted to thiocyanate per gram of

tissue. Standard curves for brain and liver were determined by adding known

amounts of potassium thiocyanate to the incubation mixture containing

formaldehyde.

Statistical Analyses

Standard errors and unpaired Student's t test were computed on a Wang

600 programmable calculator (Wang Laboratories, Tewksburg, MA). A proba-

bility level of 0.05 was used in testing for significant differences between

experimentalgroups.
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RESULTS

Liver cytochrome oxidase activity was measured in mice pretreated

in air or oxygen (95%) at various time intervals after the intraperitoneal

administration of KCN, 5 mg/kg (Figure 1). Inhibition of liver cyto-

chrome oxidase occurred very rapidly and within 2 minnites enzymatic activity

was inhibited approximately 752. Maximum inhibition occurred at 5 minutes

after cyanide administration in both the air and oxygen treatment groups.

The differences observed between air and oxygen pretreatment became quite

noticeable at 15 minutes after cyanide administration, and the animals

maintained in oxygen returned to control values approximately 10 minutes

prior to mice maintained in air.

Mice treated in air and administered a sublethal dose of KCN, 5 mg/kg,

exhibited a rapid respiratory stimulation followed by agitation, lack of

coordination, and convulsions. The severity of these symptoms seemed to

parallel the inhibition of cytochrome oxidase. On the other hand, these

behavioral patterns were not evident in animals administered KCN, 5 mg/kg,

and maintained in oxygen (952).

The symptoms exhibited by the air treated animals were dose-

dependent and were barely detectable at one and 2 mg/kg KCN. However, animals

administered 3, 4, and 5 mg/kg KCN displayed gasping, irregular breathing,

and convulsions with an onset of about 2 to 3 minutes post cyanide admini-

stration. Mice receiving 6 mg/kg KCN exhibited severe convulsions with

cessation of respiration and death occurring in 202 of the animals. Doses



'752

-6-

higher than 6 mg/kg KCN resulted in death to all animals within 4 minutes

after administration of cyanide. The oxygen-treated mice displayed these

behavioral patterns only at the 6 mg/kg dose and the symptoms were not as

severe and were of a shorter duration than the air-treated experimental

group.
The effect of varying the treatment concentration of oxygen on liver

cytochrome oxidase activity after administration of nonlethal doses of

cyanide was determined as shown in Table 1. The rate constant, k, deter-

mined in animals treated with KCN (2mg/kg) showed little difference from that

of the control. However, the enzymatic activities of all treatment groups

at 3 and 4 mg/kg were significantly different from controls. The rate con-

stants determined at 11% oxygen for the 3 and 4 mg/kg doses were consider-

ably lower than those of higher concentrations of oxygen. The effect of

oxygen treatment was most noticeable at KCN dose of 4 mg/kg at which the

enzymatic activity increased from 22% to 66% of that of the controls as

the oxygen concentration was increased from 11% to 95%.

In order to assess the ability of sodium nitrite and sodium thiosul-

fate to alter the symptoms of cyanide poisoning, these antidotes were ad-

ministered 45 and 15 minutes, respectively, before KCN (Figure 2). It was

quite surprising to find that in animals pretreated with sodium nitrite

and sodium thiosulfate, liver cytochrome oxidase activity at 3 minutes post

cyanide administration was not significantly different from the control in

spite of the fact that the animals were dead. In contrast, brain cytochrome

oxidase activity was inhibited in animals treated with the antidotes. In mice

receiving a lethal dose of cyanide (10 mg/kg), but no antidote, both brain and

liver enzymatic activities were significantly less than those of the controls.
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Since the liver contains a high concentration of rhodanese, the

possibility exists that this enzyme metabolizes cyanide in the tissue

homogenates in the presence of its substrate, sodium thiosulfate, thereby

resulting in cytochrome oxidase reactivation. Therefore, 10 mM of sodium

sulfite, a rhodanese inhibitor (16) was added to the homogenate immediately

after preparation. The results obtained under these conditions were essentially

similar to those obtained In Figure 2.

Brain cytochrome oxidase activity was studied in animals pretreated with

air or oxygen (95%), sodium nitrite and sodium thiosulfate (Figure 3). Pre-

treatment time for air and oxygen was 60 minutes and KCN was administered at

a dose of 45 mg/kg. Enzymatic activity was rapidly inhibited and maximum in-

hibition of both the air and oxygen groups was observed at 2 minutes after

cyanide administration. Oxygen treatment did not appear to reactivate cytochrome

oxidase in the brain more rapidly that did air. Significant differences between the

two treatment groups were detected only at 20 and 60 minutes post cyanide

administration. It is of interest to note that reactivation of cytochrome

oxidase in the brain (Figure 3) occurred at a much slower rate than in the

liver (Figure 1). The symptoms of cyanide poisoning were detectable only in

the air treated animals and were the same as described previously but of

shorter duration.

Brain cytochrome oxidase activity in mice which received a gradient dose

of KCN ranging from 5 to 85 mg/kg is shown in Figure 4. These animals

were pretreated with sodium nitrite and sodium thiosulfate and enzymatic

activity was determined 10 minutes after KCN. Treatment with oxygen resulted

in a marked shift to the right in the curves representing the lines of

best fit as determined by'log-probit "analysi* (Fiure-45. All points

on the oxygen curve were signifilcntly different from the air treatment

curve. The dose of KCN required to produce 50Z inhibition of brain
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cytochrome oxidase was -increased from 24 (16.6-34.8) mg/kg in the air

treatment group to 55 (39.3-77.0) mg/kg in the animals placed in an oxygen

atmosphere. The slopes of the two curves were not significantly different

as determined by log-probit analysis. Mice treated with oxygen displayed

the cyanide intoxication syndrome only at 75 and 85 mg/kg and death occurred

at 90 mg/kg KCN. The air treated animals exhibited agitation. lack of coor-

dination and depressed respiration at 25 and 25 mg/kg KCN. Convulsions were

observed at 45 mg/kg in the air treatment group, and death-occurred at 55 mg/kg KCN.

Blood cyanide levels were determined in animals receiving KCN, 45 mg/kg

after pretreatment with air or oxygen (95Z) and sodium nitrite-sodium thiosul-

fate (Figure 5). Cyanide blood levels increased rapidly and maximum levels

were observed at 5 minutes after KCN injection. Blood cyanide decreased slowly

both in the air and oxygen treatment groups. However, no significant

differences were noted except at the 15 and 60 minute intervals. It is of

interest to note that the decline of cyanide blood levels of air and oxygen

gro ps parallels the inhibition of brain cytochrome oxidase (Figure 4).

Rhodanese activity of brain and liver was then compared on a time basis

in mice pretreated with the antidotes and receiving 45 mg/kg KCN. Control

rhodanese activity of the liver was approximately 15 times greater than brain

in both air and oxygen,and no significant difference in rhodanese activity could

be detected between air and oxygen treatment at the various time periods

after KCN injection. When rhodanese activity was determined 10 minutes after

administering gradient doses (5 to 45 mg/kg) of potassium cyanide, no signi-

ficant differences could be detected between air and oxygen treatment in brain

and liyer rhodanese activity.
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DISCUSSION

It should be pointed out that these studies have been conducted with

fairly high doses of cyanide, as this approach has been successful in eliciting

some biochemical and physiological differences between oxygen and air (Burrows

et al., 1973; Isom and Way, 1974 and 1976).

It has been demonstrated that oxygen and air treated mice displayed the

same degree of cytochrome oxidase inhibition during the first 5 minutes after

administration of sublethal doses of cyanide, yet only the air group exhibited

the symptoms of cyanide intoxication. These results were unexpected since

Schubert and Brill (1968) indicated that the symptoms of cyanide intoxication

paralleled cytochrome oxidase inhibition. The appearance and disappearance

of these effects are reported to be dose dependent (Schubert and Brill, 1968).

These possible differences between oxygen and air may be dose related since

*numerous investigators have shown that certain physiological changes induced

by low cyanide concentrations are sensitive to oxygen (Brodie, 1959; Cope.

1961; Fernandez et al., 1963; Skene et al., 1966), whereas it does not

alter the physiological changes induced by higher cyanide doses

(Burrows et al., 1973). Also, the difference observed between air and

oxygen during the first 5 minutes after cyanide administiation may be ex-

plained by oxygen activation of cyanide-resistant respiratory pathways,

thereby bypassing the cyanide blockade of cytochrome oxidase. Studies have

shown that exposure to sublethal doses of cyanide will divert changes in

carbohydrate intermediary metabolism to pathways which are less sensitive to

cyanide (Isom and Way, 1974).

The concentration of oxygen employed in the treatment of cyanide intoxica-

tion appears to be important in the reactivation of cytochrome oxidase. As

the concentration of oxygen is increased from 11 to 100 at 4 mg/kg KCX. an

increase n cytochrome oxidase activity was noted which is in agreement with



lethality studies (Sheehy and Way, 1968).

It is interesting to note that the liver cytochrome oxidase activity from

mice pretreated with the sodium nitrite-sodium thiosulfate combination and then

receiving a lethal dose of cyanide (70 mg/kg) was the same as those animals which

received the antidotal combination, but did not receive cyanide. This is in con-

trast to brain tissue as cyanide did 'inhibit cytochrome oxidase under these conditions.

This dissociation between the results of liver and brain cytochrome oxidase enzymatic

activity may be attributed to various factors: Firstlyw the disposition of

cyanide to liver cytochrome oxidase may be minimal due to high content and

turnover number of rhodanese in the liver (Slrbo, 1951). Secondly, when

cyanide has inhibited liver cytochrome oxidase, the complex formed is

readily dissociable. Therefore, a coupled enzymatic reaction between cytochrome

oxidase and rhodanese can lead to a rapid reactivation of cytochrome oxidase

due to cyanide biotransformation to thiocyanate. Thirdly, the distribution

of the active form of the cyanide antidotal combination, sodium thiosulfate,

and nitrite generated methemoglobin, is very limited in brain tissues,

thereby resulting in the brain's higher sensitivity to cyanide. A

preliminary communication of these results was reported earlier (Isom and

Way, 1976). In view of these findings, determination of brain rather than liver

cytochrome oxidase would serve as a more appropriate model in evaluation

of antidotal therapy against cyanide intoxication.

It is of interest to note that the reactivation of brain cytochrome

oxidase in the presence of sodium nitrite and sodium thiosulfate corresponds

with the decline of cyanide blood levels but not much difference was noted

between oxygen and air.
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Legends for Figures

Figure 1. Liver cytochrome oxidase activity determined after the intra-
peritoneal administration of potassium cyanide (5 mg/kg). 0 - 8. mice treated
in air; 0 - 0, mice treated in oxygen. Each point represents the average value

+ S.E.M. from four or more animals

Figure 2. Liver and brain cytochrome oxidase activity measured 3 minutes

after the administration of lethal doses of cyanide. A- control (saline);
B- KCN (10 mg/kg, i.p.); C- KCN (70 mg/kg, i.p.) administered to mice

pretreated with sodium nitrite (100 mg/kg, s.c.) and sodium thiosulfate (1 g/kg,
i.p.). Each value represents the average + S.E.M. from four or more animals.
*Significantly different from control at 0..05 probability level.

Figure 3. Brain cytochrome oxidase activity after the administration in air of
potassium cyanide (45 mg/kg, i.p.) to mice pretreated with sodium nitrite
(100 mg/kg, s.c.) and sodium thiosulfate (1 g/kg, i.p.). I - 6, mice treated
in air; 0 - 0 mice treated in oxygen. Each point represents the average +
S.E.M. from four or more animals.

Figure 4. Brain cytochrome oxidase activity measured 10 minutes after the

administration of gradient doses of potassium cyanide. I - 4, mice treated in

air; 0 - 0, mice treated in oxygen. Each point represents the average value
from four or more animals.

Figure 5. Blood levels of cyanide after the intraperitoneal administration
of potassium cyanide (45 mg/kg, i.p.) to mice pretreated with sodium nitrite
(100 mg/kg, s.c.) and sodium thlosulfate (1 g/kg). 0 - I, mice treated in air
0 - 0, mice treated in oxygen. Each point represents the average value + S.E.M.
from four or more animals.
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Pharmacological Aspects of Cyanide and its Antagonism
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PHARMACOLOGIC ASPECTS OF CYANIDE AND ITS ANTAGONISM

1. HISTORY

The early history of hydrocyanic acid and its use in toxicology and

medicine has been reviewed (M.P. Earles, 1967). The earliest -documented

record in the use of cyanide as a poison was recorded in Germany over

200 years ago, and it was believed to be one of the more frequently employed

preparations during the nineteenth century for homicides and suicides.

Hydrogen cyanide probably has accounted for more known human fatalities

than any other chemical known, particularly due to its application in

legal executions and as a genocidal agent during World War II.

One of the most widespread potential applications of cyanide is by

the military, because hydrogen cyanide has many properties of a practical

cherical ;..,capon to be eiiployed in gas warfare (SIPRI, 1971, 1972).

Also, besides the quick-kill properties, the potential mask-breaking

effect is advantageous, as small molecules are not readily adsorbed on

charcoal. :apoleon III was reported to apply some form of hydrogen

cyanide as a tactical military weapon; however, it was not until World

:ar I that it received widespread consideration. Approximately eight

million pounds of hydrogen cyanide were manufactured by France as a

cheical ;.apn and it was used in various mixtures called I.'anganite and

Bincennite. These mixtures contained hydrogen cyanide and various

stabilizers, dilutents, smoke markers and arsenic trichloride. The

military application of hydrogen cyanide in Vorld War I was not highly

successful, partly due to the limitation of projectile size and the

relative vapor density of hydrogen cyanide which limits its persistency.

During .:orld .'ar I, various countries tested and manufactured hydrogen'I
cyanide in larger payloads, as the vaporization of this agent caused

I} •



cooling and increased its relative vapor density. The Japanese were

armed with fifty Kg bombs, and the United States employed 500 Kg bombs.

It was estimated that during World War II, hydrogen cyanide was produced

as a chemical weapon in Japan, U.S.S.R., and the U.S.A. in quantities

from 500,000 to over 1,000,000 pounds (SIPRI, 1972). Hydrogen cyanide

frequently has been discussed for clandestine use, primarily because of

its quick-kill potential. Cyanide projectiles and spring-loaded devices

have reportedly been employed against individuals, and canisters of

hydrogen cyanide that may be shattered by an explosive charge detonated

by a radio-controlled fuse have been manufactured to be employed against

groups of people in buildings or vehicles. In addition to the above use

of cyanide, other past applications directly related to its toxicity are

as a fumigant and as a predator control agent, e.g., coyotes, by the use

of solutions containing cyanide in livestock collars or spring loaded

devices to spray cyanide (Sterner, 1979). Surprisingly, fatalities from

accidental exposure to hydrogen cyanide are relatively infrequent,

probably because it is generally recognized for its high toxicity and

rapid onset action; therefore, it is handled with caution.

Hydrocyanic acid was used fairly extensively in pharmaceutical (cherry laurel)

preparations as a sedative, cough suppressant, and for gastric pains

until the early parts of the twentieth century. This pharmaceutical

preparation derived from peach stones and almond was ei::ployed as a

flavoring agent, with occasional lethal effects. In 1872,. Scheele

hydrogen cyanide was isolated and characterized by Scheele from prussian blue and

subsequently it was isolated from this cherry-laurel preparation.

ii. SOURCE

Cyanide-containing staple foods, such as cassava (B. Osuntokun.

1970) and forage plants (Schoeder, 1976), probably accounted for most



incidences of cyanide ingestion in man and range animals. However, in

the past few decades the industrial production of hydrogen cyanide has

been accelerating, e.g., in the U.S., production was over 700 million

pounds per year by 1977 and is rapidly increasing. The predominant uses

of cyanide are for the production of plastics, such as acrylonitrile,

and in the metal industries. Although cyanide wastes are generated by

these industries in increasing quantities, attempts have been made to

control this waste cyanide; however, an appreciable amount is still

discharged into the environment.

With regard to some of the industries involved, other than the

plastic manufacturers, in aqueous discharge of cyanide, are the electroplating

industries, as the waste streams may contain initially up to 20 percent

cyanide with an estimate of approximately 20 million pounds discharged

by the U.S. electroplating industry. Other industries which cenerate

cyanide w.astes in our waterways are the paint, steel and mining industries.

These are relatively well known sources of contaminate; however, newer

sources of cyanide contamination have evolved in the past decade. An

aluminum company was found to have contaminated the underground water

table from aluminum waste products near Mead, Washington. Whether this

cyanide contamination in aluminum sludge is a world-wide or local problem

has not been investigated. Probably the greatest future potential

source of hydrogen cyanide contaminating our water supply is from coal

gasification processes for making synthetic gas from coal. J'any of

these procedures produce high concentrations of cyanide as a by product.

The cyanide concentration was of such a sufficient magnitude that procedures

ere attempted to recover the cyanide produced in these waste waters for

economic reasons. The production of cyanide from this source would



dwarf the total present cyanide input into our environment, should this

be one of the alternatives utilized to increase our energy needs.

Cyanide effluent from industrial processes usually does not escape in

any appreciable amounts into the environment, primarily due to proper

waste management procedures which degrade the cyanide before it is

discharged. rhe treatment techniques employed are the complete destruction

of the cyanide ion or its conversion to less toxic forms. The most

frequently employed procedure is alkaline chlorination, but other oxidizing

agents, such as ozone and permanganate also are employed. There are

other methods employed in cyanide disposal, such as electrolytic decom-

position, ionizing radiation, acidification, reaction with aldehyde, ion

exchange, evaporation, lagooning, and biologic degradation.

Concerning the liberation of cyanide into air, the equipping of

cars with pollution control devices with malfunctioning catalytic

converters, can produce varying amounts of hydrogen

cyanide (Voorhoeve et al., 1975). Another source of HCN is

from home fires, especially as the plastic content in

the home increases the potential for the liberation of hydrogen cyanide

by the combustion of various plastic materials, particularly polyurethane

(Jellinek and Takada, 1977). Lastly, one of the major contributors of

hydrogen cyanide in air that affects ran is tobacco smoke. It should be

noted that the use of low tar filter cigarettes does not necessarily

decrease the hydrogen cyanide concentration of tobacco smoke.

A different source of potential HCN exposure is from the ingestion

of cyanogenic foods. There are also various food products, as

discussed in other chapters, which contain naturally occurring substances

that can release cyanide. This is of considerable concern, as some of

II
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these plants form the major dietary constituents in these cclntries.

Toxicity from these cyanogenic plants is also a problem for various

range animals and wildlife. The incidence of poisoning is more prevalent

during drought, as these animals become less selective in their forage.

Also, during these drought periods a higher concentration of cyanogenic

glycosides are formed in certain plants. Besides cyanogenic plants, the

fumigation of various foods with HCN can result in cyanide residues

which can persist for an extensive time. There are tolerances listed

for HCN residue in various food products in the United States, and these

limits vary from 25 ppm in beans to 250 ppm in spices.

With increasing use of cyanide in various industrial processes, the

aiount of cyanide dispersed into our environment has greatly accelerated.

Although it is genet-ally recognized that cyanide has relatively low

persistence in air and water under normal circumstances, it should be

erhasized that when cyanide conta;m inates underground water, then its

persistence is prolonged. In future years the potential for cyanide

contamination of our underground drinking water, leading to cyanide

toxicity, will be increased. Irproper nanagel ent of industrial cyanide

effluent occasionally has resulted in fish kills and contamination of

our around .ater. The disposal of cyanide in waste water is still a

significant problem for various industries. It is of interest to note

that the U.S. Environi-_ntal Protection Agency recently filed a Refuse

Act suit against the ARMCO Steel Company for discharging cyanide-

containing effluents into the Houston shipping channels. This discharge

was in the form of a continuous-process generated effluent stream and

the case of the United States versus the AR.'C0 Steel Company (C.A. 70-H-

*, 1335) was prosecuted successfully by the government.
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1I1. PHARMACODYNAMICS

A. Pysiology

The physiologic effects of cyanide discussed will be confined only

to those effects which are obtained with reasonable doses, with an

emphasis on their effect on the intact animal. In studies when an

overwhelming dose of cyanide is employed to elicit a response, as in

some in vitro systems, these reports were not considered in this discussion,

as they bear little relevance to the pharmacology and toxicology

of cyanide. In concert with these studies on the effects of cyanide on

cell respiration (Keilin, 1929; and Warburg, 1931), studies were conducted

(Gesell and Hertzinan, 1927) on the effects of cyanide on the regulation

of respiration and blood flow in the intact animal. Miuch of the knowledge

on the inhalation toxicity of hydrogen cyanide (Barcroft, 1931) and the

effects of cyanide on tissue respiration in various species and organs

%.;ere reported about 50 ycars ago (Dixon and Elliott, 1929). The responses

to cyanide of the respiratory and cardiovascular systems have been

studied rather intensively over the past two decades. Bradycardia in

the dog from cyanide has been attributed to the activation of the

chemoreceptors in the carotid body (Jacobs et al., 1971). Cyanide is

also known to stimulate the peripheral chemorecept6rs to promote a

stimulation of ventilation. Apparently, this can occur by extracranial

and carotid and aortic cheioreceptor mechanisms. Hov.-ever, the site(s)

where these extracranial receptors are located have not been identified

(Levine, 1975). The increased afferent discharges from the carotid body

produced by cyanide were abolished by oxygen (von Euler et al., 1939).

This p".enoa non has been adapted into a clinical pulmonary function
test, as oxyen abolishes the inspiratory gasp produced by cyanide in



normal individuals, whereas those who have impaired gaseous diffusion

continue to exhibit this gasp (Cope and Abramowitz, 1960). One of the

most consistent changes produced by cyanide is electroencephalographic

(Ivanov, 1959) and electrocardiographic (Cope, 1961). Not only can

these changes be produced by cyanide, but these effects can be antagonized

with oxygen (Burrows et al., 1973). It should be emphasized that the

mechanism involved in antagonizing the lethal effects of a compound may

be quite different from those involved in the blocking of a physiologic

or biochemical response induced by a sublethal dose. For example, this

may explain the differences reported (Burrows et al., 1973; and Cope,

1961), on the effect of oxygen in reversing the action of cyanide on the

EKG. Other cardiovascular responses to cyanide have focused on the

effect of cyanide prii;,arily to chemoreceptor reflexes and to their

action on the central nervous system (Paulet, 1960; Calvelo et

al., 1970; Offterdinger, 1970; and Krasney, 1971). The marked increase

in arterial blood pressure could be attributed to such reflex activities,

whereas the increase in central venous pressure may be due to a more

direct action, producing a relative cardiac insufficiency as shown by

parallel EKG alterations in rhythm.

In electroencephalographic (EEG) recordings, cyanide can produce

neuroelectrical changes which correlate with alterations in cellular

energy. Recordings in the frontal and parietal areas, cyanide (1-10

mg/kg) produces an abrupt loss of electrical activity followed by a

prolonged period of depressed r.ave amplitude (Burrows et al., 1973).

These periods of electrical silence, as well as EEG abnormalities, can

be antaoonized with oxygen and can be correlated with the role of

oxy .,-,n in antagonizing cyanide lethality.
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The respiratory changes produced by cyanide appear to have occurred

in the same manner as the cardiovascular responses, i.e., primarily due

to the result of reflex activity of chemoreceptors, as direct effect of

small doses of cyanide on the activity of respiratory neurons has been

reported (Brodie, 1959).

The biochemistry of cyanide with cytochrome oxidase is discussed in

another chapter; ho...ever, these discussions are confined primarily to

the effects of cyanide on cytochrome oxidase in vivo. most of the

inhibitory studies of cyanide have been in vitro and there have been

very few studies regarding the effect of cyanide on brain cytochrome

oxidase in vivo. The toxicity of cyanide has always been attributed to

producing a decrease in the tissue utilization of oxygen or producing a

"histotoxic" anoxia. Albaum et al. (1946a,b) reported that rats receiving

sodium cyanide (5 mg/kg, ip) produced a 50 per cent decrcase in brain

cytochrv.-e- oxidase. These studies indicated that tissue anoxia induced

by the inactivation of cytochrome oxidase resulted in a shift from

aerobic to anaerobic m.etabolism and a depletion of high energy phosphorus

co;-mpound, as noted by a decrease in the concentration of glycogen,

phsphocreatine, and adenosine triphosphate with a conconitant increase

in inorganic phosphate, lactic acid, phosphopyruvate, phosphoglycerate,

and hcxose diphosphates. In vivo studies (Schubert and Brill, 1968)

indicated that rocents receiving potassium cyanide intraperitoneally

produce a maximnal inhibition of cytochroTe oxidase within 5-10 minutes.

Subsequently, Sallantyne et al. (1972) correlated the tissue concentration

of cyanide with cytochrome oxidase activity and related the difference

in concentration of hydrogen cyanide and KCN, .ith regard to tissue

cLJnccntrations of cy'ochrome oxidase activities.

-
A 
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IV. PATHOLOGY

The pathology of cyanide intoxication varies according to the dose,

route and duration of cyanide administration. Ballantyne (1970) conducted

studies on pigs which indicated that no specific gross and histopathological

differences were noted by captive bolt and intramuscular injection of

hydrogen cyanide. The animals administered lethal doses of cyanide had

no autopsy characteristics to specifically permit a diagnosis of "death

from cyanide poisoning" to be established. It is of interest to note

that no cyanide odor could be detected on opening up the body cavity and

the col3r of the blood was variable. The cytochrome oxidase in the

spinal cord was markedly inhibited; however, the cytochrome oxidase in

the liver and kidneys was not significantly inhibited. This does not

infer that in other cases of cyanide poisoning that the odor of "bitter

almonds" r:ay not be detected when opening the body cavities or that the

blood may not be a slight pink color, bu that these findings can be-

variable. Hurst (1940) reported in rDnkeys receiving potassium cyanide

(ijn), that the most apparent lesion in the brain was in the white matter,

and that necrosis was imore frequent than demyeclination. These findings

can bn produced by a single dose of potassium cyanide, but are more apt

to occur on chronic administration. Experimental cyanide encephalopathy

has ,en studied in rats (Levine and Stypulkowski, 1959; Levine, 1967;

Hirano et al., 1967) by single brief exposure and the lesions were found

to develop in the gray and white matter. Lesions in the white matter

are more apt to occur in less severe cyanide poisonings involving particularly

the (orpus callosum, optic nerves, and chiasma, as well as the corpus

striatum -nd ventral hippocapal co.;J issure. These studies concluded

that the lesions of cyanide encephalopathy were caused by the direct
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effect of histotoxic anoxia, and that these lesions were not secondary

to neuronal disfunction and edema.

Pathological changes also occur in the myocardium. Suzuki (1968)

indicated that large doses of cyanide exert a direct effect not only on

metabolism, but on the contractile components of the myocardium. The

pathology in the myocardium is not surprising, as V.'exler et al. (1947)

indicated extensive alteration in cardiac physiology. There has been a

series of studies on the tropical neuropathies produced by cassava. One

of these studies, by Osuntokun (1972), demonstrated the demyelination of

peripheral nerves and the decreased conduction velocity in these nerves.

The implication of cassava in tropical neuropathic ataxia, with cyanide

as a presumptive etiological agent, would be consistent with chronic

cyanide poisoning. Although recent studies implicate that a consistent

clinical, biochemical, electrophysiological, and histopathologic study

in hu,:;ans is observed, it is always difficult to draw an unequivocal

relationship in this type of clinical field study, as other factors

hitherto unknown may be a contributing cause; however, the implication

of cyanide with the present evidence available is a reasonable one.

V. CYA;NIDE POISONING

A. Signs and Symptoms

The clinical signs and symptoms of cyanide poisoning have been

described over 150 years ago by Francois T'agendie and because of its

%i-espread use, the toxic effects are well described (Polson and Tattersal,

1969). Although cyanide has been known as a rapidly acting poison, this

effpct, like all chemicals, is dose deper ent. There are reports where

cyl-nide may produce severe toxic effects -,.hich persist for days with the



ultimate recovery of the individual. Because cyanide has received a

deserved reputation for its rapid lethal action from mass and criminal

executions, as well as in suicidal and homicidal reports, it is not

usually cognizant that low level chronic intoxication from cyanide

does exist and can be quite incapacitating.

B. Acute and Subacute Toxicity

Acute and subacute toxicity poisoning from cyanide can vary from

rather dramatic effects such as convulsions, screaming, vomiting, and

bloody frothing, to occasions where death can occur rather undramatically

with a slow, quiet onset of coma and subsequently death. Although many

authors separate the effects of hydrogen cyanide by inhalation from the

parental route, the clinical manifestations do not vary appreciably

except that with inhalation the irritating effects of cyanide itself on

the r:i branes of the eyes, oropharynx, and pulmonary tissues are more

apt to be -anifested. There are no distinguishing signs and symptoms

which are pathonomonic for cyanide other than possibly the smell of

cyanide in the breath of the victim, which has frequently been described

as a burnt almond-like odor. The predominant effect which one would

observe initially is a hyperpnea followed by dyspnea, and subsequently

co,vulsions. Although cyanide is usually described as producing a

"histotoxic anoxia," it is generally forgotten that in cyanide poisoning

there probably is an anoxic anoxia component. The lethal effects in low

lethal doses are probably directed towards cytochrome oxidase in the

central nervous system, with associated cardiovascular signs at higher

doses. It has been frequently described that the electrical activity of

the brain ;iay be silent when the heart is still functioning. These

signs and syr-ptonms of cyanide poisoning are described by Gettler and St.
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George (1934) in as great a detail as any published reports. This report

arbitrarily divides the signs and symptoms into three stages. In the

dyspneic stage subsequent to the hypernea there is associated headache,

vertigo, weak and rapid pulse, nausea and vomiting, and a staggering

gait. There is a second stage of convulsions where the victim falls,

pupils dilate, and the skin is cold, clammy, moist, and the pulse becomes

more weak and rapid. There are associated opisthotonus, trismus, and

urination. A third stage of asphyxia is described where heartbeat

becomes irregular and slow, and there is a fall in body temperature and

associated cyanosis, which is manifested in the lips, face and extremities.

The victim then sinks into a coma and the frothy, bloody saliva flows

from the irouth. With regard to the caustic exposure levels, the experience

with cyanide has been sufficient to provide some human toxicity data.

Inhalation of HCN at a concentration of 110-135 ppm (0.12-0.15 rig/l)

(Fassett, 1963) has been reported to produce fatalities within a few.

hours, whereas HCN at a concentration of 270 ppm (0.3 mg/l) will produce

immiediate fatalities (Prentiss, 1937). Ingestion of a spoonful (1-5 g)

of sodium or potassium cyanide usually will produce death, as the minimal

lethal dose has been estimated to be approximately 0.2 g/adult

(approximately 3 mg/kg). The toxicity of cyanide of course will be

dependent on the rate of absorption and the ability of the body to

dispose of cyanide.

C. Chronic Effects

Most of the literature on cyanide is focused on the acute effects,

and the chronic effects have been almost virtually ignored. This can

partly be because most of these latter reports are predomirantly clinical

field reports. It is difficult to ascribe the effects specifically to

-ib 'h fetsseiiclyt
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cyanide itself, because usually a mixture of chemicals is involved. The

effects of long-term exposure to low concentrations of cyanide probably

produces clinical signs of intoxication which are not clearly understood.

In the past couple of decades there have been various correlations which

implicate the effects of chronic low cyanide to specific diseases.

Moreover, epidemiological studies are implicating adverse effects of

cyanide to chronic exposure in occupational (El Ghawabi et al., 1975),

dietary (Osuntokun, 1970) and environmental conditions. It is becoming

increasingly probable that there are a series of signs and symptoms

which can be ascribed to a chronic cyanide syndrome. Also, various

diseases have been inferred to have a correlation with chronic low level

exposure to cyanide. These would include: Nigerian nutritional neuropathy,

Leber's optical atrophy, retrobulbar neuritis pernicious anemia, tobacco

arblyopia, cretinism and ataxic tropical neuropathy. Future projection

would suggest a greater exposure to cyanide because of newer industrial

advances. The potential of chronic cyanide poisoning may be dwarfed by

present developments to seek alternative energy supplies to replace

petroleum. In some coal gasification procedures a considerable aimount

of water is einployed, and this waste water contains a relatively high

cyanide concentration and the mechanism of disposal of

this waste water will be of considerable ecological concern.

Probably the greatest incidence of exposure to chronic low level

cyanides is in the tropics, which produce various neuropathic lesions

manifested in different forms. The diet of various individuals in

tropical areas is predominantly cassavas, as the staple food, and this

plant has a high content of cyanogenic glycosides (lina;narin). The

tropical neuropathies can develop into a characteristic syndrom:e which

AI
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is characterized by nerve deafness, optic atrophy and involvement of the

sensory spinal nerve producing an ataxia (Money, 1958). In these ataxic

syndromes are included such effects as nerve deafness and sensory spinal

ataxia. Other signs and symptoms include stomatitis, glossitis and

scrotal dermatitis. The correlation between the pathology and the

clinical tr;anifestation of this disease is relatively consistent.

In many field studies, it is difficult to assess the contribution

of cyanide to these lesions due to the lack of experimental controls.

However, the evidence accumulating is consistent that one of the most

likely chemical toxins is cyanide, but this may be an oversimplification

of a complex problem. Osuntokun and co-workers (1969) have contributed

* significantly to studies in this area. In some villages cassava represents

approxiurately two-thirds of the diet, so that in addition to cyanide,

there are various nutritional factors that may enter in. For example,

Osuntokun and co-workers (1968) indicated that a lack of substrate for

cyanide detoxification may be occurring because of a deficiency of

sulfur containing amino acids in the diet. Although most studies focus

on chronic cyanide intoxication (Monekosso and Wilson, 1966; Osuntokun

et al., 1970), studies also indicate that deficiencies in protein and in

water-soluble vitamins may, by themselves, not be important contributing

factors. With regard to the clinical studies, lesions such as demyelination

of peripheral nerves and decreased conduction velocity of motor nerves

w.ere elicited.

There are other neuropathies ascribinq cyanide as the possible

cause, such as the I..est Indian amblyopia, tobacco amblyopia and Leber's

optic atrophy, which are characterized by a disturbance in the visual

fields. One of the most convircing studies which would suggest that

_-ouf.,MA
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chronic cyanide may be a contributing factor in these visual disturbances

is that in tobacco amblyopia, administration of cyanocobalamin or hydroxo-

cobalamin improved vision rather dramatically (Chisholm, et al., 1967).

Also hydroxocobalamin was more efficacious than cyanocobalamin as one

would expect (Foulds et al., 1970).

The relationship between cyanide as the etiological agent in producing

human neuropathies has been investigated experimentally (Lessell. 1971;

and Lessell and Kuwabara, 1974). These studies indicated that cyanide

lesions produced in rats were similar to those of human disorders.

*However, it was pointed out that the cyanide dose necessary to produce

the experimental nerve damage in rats was in the lethal range and in the

rats, the corpus callosum is more sensitive to cyanide than the optic

nerve. This is quite different from hu:-an disorders, as very frequently

optic disturbances are the only involvement of the central nervous

system.

Lastly, there is very little information on the carcinogenic,

teratogenic, and mutagenic properties of cyanide, and the evidence that

is available warrants additional examination. Cyanide has been employed

in cancer chemotherapy in experimental animals and in man (Brown et al.,

1960). There has been a longstanding hypothesis for an anticancer

effect of the cyanogenic glycosides (Morrone, 1962; Krebs, 1970). These

claims have been refuted by other laboratories (Greenberg, 1975; Lewis,

1977). The basis for the antituiaor effect is that the cyanogenic glycoside,

amygdalin (also called laetrile), is a postulated selective hydrolysis

of amygdalin by a beta glucosidase, liberating cyanide, benzaldehyde at

the neoplastic site. The cyanide then selectively attacks the cancer

cell which was presumed to be low in rhodanese, whereas normal cells
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were assumed to possess sufficient sulfur donor to detoxify the cyanide

and thereby would suffer no toxic effects. Some of the opponents of

this theory have indicated (Greenberg, 1975; Lewis, 1977) that many

tumor tissues are not selectively enriched in beta-glucosidase nor are

they low in rhodanese. Also, there are various studies indicating a

lack of antitumor activity of amygdalin in model tumor cells (Hill et

al., 1976; Laster and Schnabel, 1975; Levi et al., 1965; Wodinsky and

Swiniaski, 1975).

VI. CYANIDE ANTIDOTES

Since cyanide poisoning has been documented in the nineteenth

century, various antidotes have been proposed. It is rather a paradox

that some of the cyanide antagonists proposed in the nineteenth century

were quite efficacious, whereas some of the cyanide antagonists presently

still reco.:mrended are ineffective. There are various reports on the

develop 7ent of "new" cyanide antidotes, which would be quite efficacious

compared to the state of arts of other chemical poisoning; however, with

regard to protection against cyanide poisoning, it would be relatively

trivial because of the highly efficacious antidotal combinations presently

available. Also, many of these studies become questionable when subjected

to statistical analysis. Unlike most chemicals, with cyanide, it is

always necessary to differentiate between the antidotal effects produced

with a minimal lethal dose from those produced with massive poisoning,

as the results obtained can be quite different.

A. Biotransformation ofCyanide

Subsequent to the demonstration of the existence of a thiosulfate

sulfurtransferase in liver to convert cyanide to thiocyanate it became

fairly apparent that this would be an effective mechanism to detoxify



cyanide (Lang, 1933a,b). Independent studies in Argentina (Hug, 1933)

and the United States (Chen et al., 1933) incorporated thiosulfate into the

antidotal combination to antagonize cyanide intoxication. The use of

sodium thiosulfate as the sulfur donor is ideal in many aspects, as the

enzyme is present in large amounts (Himwich and Saunders, 1948), has a

high turnover number and this reaction is essentially irreversible

(Sorbo, 1953a,b). One of the limitations of this antagonist is that the

selective distribution of the agonist, hydrogen cyanide, does not parallel

* that of the antagonist. This enzyme is localized in the mitochondria in
*.

I' liver and kidneys, and the penetration of sodium thiosulfate to these

sites is relatively limited. In an attempt to minimize these distribution

problems, the crystalline enzyne was injected in combination with sulfur

donor intravenously. This represents the first report of an enzyme

being employed directly as an antidote to antagonize the toxic effects

of a chemical. Various other sulfur donors have been studied (Sorbo,

1953a,b) and some of these antagonists have been employed in the treatment

of cyanide poisoning (Clemedson et al., 1955).

B. Cyanide Bind in

1. 1-lethemoglobin Generating Chemicals

a. iethylene blue

Earlier studies on cyanide poisoning utilized methylene blue as a

cyanide antagonist. The basis for methylene blue was related to the

formation of methemoglobin, which subsequently reacted with cyanide to

form cyanmethe;3oglobin (Wendel, 1933). Although methylene blue is still

being advocated as a cyanide antagonist, it really is not an effective

antidote (Chen et al., 1933) because it is a poor methemoglobin former

(Bod3nsky, 1950). The main contribution of methylene blue to cyanide
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poisoning is that it stimulated the research to uncover newer and more

effective cyanide antagonists.

b. Nitrites

The first report of the efficacy of nitrites against cyanide poisoning

in dogs was conducted with amyl nitrite (Pedigo, 1888). This report

w-ent relatively unnoticed, as it was published in a journal which was

not widely circulated. Subsequent studies, again in dogs, employing

sodium nitrite in anesthetized and unanesthetized dogs reported that

sodium nitrite can protect against several lethal doses of potassium

cyanide (Chen et al., 1933). Cyanide has a low affinity for hemoglobin,

but has a relatively high affinity for methemoglobin. Nitrite generates

metheinoglobin which combines with cyanide to form cyanmethemoglobin.

1-lethemoglobin does not have a higher affinity for cyanide than cytochrome

oxidase, but there is a mnuch larger potential source of methemoglobin

than cytochro;me oxidase. Therefore the efficacy of netherioglobin is-

primarily due to ass action, as there would be a much higher content of

.I methemoglobin than cytochrome oxidase.

c. Cobalt compounds

In l94 cobalt nitrate was used in the t^eatment of cyanide poisoning (Antal).

This efficacy was confirmed (Meurice, 1900) in pigeons and rabbits;

however, the use of cobalt as a cyanide antagonist did not receive

widespread support predominately because it was felt that the cobalt

salts were too toxic. It was over fifty years later before interest

revived in using cobalt compounds in the treatment of cyanide poisoning

(Mushett et al., 1952). These studies employed hydroxocobalamine in

antagonizing potassium cyanide intoxication in mice. Subsequent to
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these studies, various other cobalt compounds were employed and many

laboratories have used these cobalt-containing compounds as cyanide

antagonists, such as hydroxocobalamine or its derivatives (Mushett et

al., 1952; Rose et al., 1965; Evans, 1964), cobalt gluconate or glutamate

(Paulet, 1957, 1958; and Estler, 1966), cobalt histidine (Schwarzkopf

and Friedberg, 1971; Ilercker and Bastian, 1959), cobalt chloride (Burrows

and Way, 1979; Isom and Way, 1973), and dicobalt ethylenediamine tetraacetic

acid (C02EDTA) (Paulet, 1958). Various laboratories have reported on

the successful use of cobalt EDTA in cyanide poisoning in both experimental

and clinical conditions (Paulet, 1958; Mercker and Bastian, 1959;

Bartelheimer et al., 1962; Nagler et al., 1978).

The rationale for the use of cobalt EDTA has a good pharmacologic

basis, as it forms a stable co;plex with cyanide. The advocates for the

use of cobalt are that the reaction is rapid, whereas the use of methe i-o-

globin generating compounds, by its very nature, is delayed at a time

where a rapid onset of action is essential.

d. Other chemicals which generate methemoglobin

Since methegioglobin formation was believed to be the pharmacologic

basis for sodium nitrite, this led to the search for agents which would

form methemoglobin more rapidly. Under the conditions in which amyl

nitrite normally would be used, it is doubtful that it would contribute

substantially to the formation of retheinoglobin. fMoreover, the efficacy

of amyl nitrite in cyanide poisoning was raised (Jandorf and Bodansky,

1946). This has led to the search for agents which would form methemoolobin

more rapidly than sodium nitrite. The first of these agents was p-

aminopropiophenone, as it was shown to form methemoglobin rather rapidly

(Jandorf and Bodansky, 1946). Subsequently, a series of studies by
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Kiese and Weger (1969) led to the development of 4-dimethylaminophenol

as the agent of choice among the aminophenol derivatives. The development

of a more rapid methemoglobin former is reasonable, as Albaum et al.

(1946a,b) have reported on the reactivation of cyanide inhibited cytochrome

oxidase by methemoglobin in vitro studies. Moreover, various other

laboratories (Paulet et al., 1960; and 'Weber et al., 1962) have reported

on the possible limitations in the use of nitrites in cyanide intoxication

may be attributed to its slow rate of formation of methemoglobin.

e. Carbonyl compounds

In addition to investigating various agents which would accelerate

the formation of methemoglobin to bind cyanide, other studies were

directed towards utilizing chemicals which would bind directly with

cyanide. Cyanide is known to interact with various carbonyl groups to

form cyanhydrin. One of these earlier reports (Cittadini et al., 1971

and 1972) indicated that sodium pyruvate can reverse the inhibitory

effects of cyanide on tumor cells, and subsequently reported its efficacy

in antagonizing the lethal effects of cyanide. The minimal protective

effect of sodium pyruvate alone was subsequently confirmed by Schwartz

et al. (1979), and these studies were further extended in mice. Although

sodium pyruvate is not as efficacious as sodium nitrite and does not

appear to enhance the effect of sodium nitrite, it does potentiate the

antidotal effect of sodium thiosulfate. "owever, the sodium pyuvate-

sodium thiosulfate combination is not as effective as the classic sodium

nitrite and sodium thiosulfate combination, but the addition of sodium

pyruvate to the sodium nitrite-sodium thiosulfate combination further

enhances the antidotal effect. The use of sodium pyruvate as a cyanide

antagonist has theoretical advantages, as it %,.zuld not be dependent on
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forming a second compound for activity. Also, pyruvate is transported

by an active mechanism; therefore, pyruvate has the potential of being a

superior cyanide antagonist than methemoglobin former, as it can distribute

to sites of cyanide localization. Lastly, as a possible supplement to

the nitrite-thiosulfate combination, it may provide a basis to decrease

the dose of sodium nitrite, as this latter antagonist has caused fatalities.

2. Miscellaneous Antagonists

a. Oxygen

Since cyanide is believed to exert its toxic effects by the inhibition

of cytochrome oxidase (Keilin, 1930), then oxygen transport and oxygen

tension are usually adequate, and only the cellular utilization of

oxygen is depressed. Therefore, the administration of oxygen should

serve no useful purpose in antagonizing cyanide intoxication; yet, it

was reported that oxygen is useful as an integral part of the treatment

(I'ay et al., 1966 ind 1972; I-Jay and Sheehy, 19 68)i rather than as an

adjunct (Cope, 1961; Gordh and Norberg, 1947). Oxygen potentiation was

deionstrated not only prophylactically but therapeuticaliy (Sheehy and

;.'ay, 1968). The most striking potentiation observed is when oxygen is

ad:,inistered in combination with sodium nitrite and sodium thiosulfate

and the rechanism for this potentiation is still riot apparent.

VII. IREATIMENT OF CYANIDE POISONING

The treatment of cyanide poisoning at the present state of the art

can best be surrarized by: 1) removal from the site of contamination;

2) supportive treatment; 3) antidotal combinations which will not only

bind but also detoxify cyanide.

The treatent of cyanide poisoning, in contrast to most chemical

poisoning, can be treated by a variety of efficacious agents. Under



such circumstances, a variety of reconmendations have been proposed for

the treatment of cyanide poisoning and there is no unanimity with regard

to the treatment of cyanide poisoning. This is not surprising, as

different experimental designs and species of animal were employed to

test the efficacy of the proposed antidote. Moreover, cyanide poisoning

occurs with sufficient frequency that there have been various reports

with regard to the "successful" treatment of cyanide intoxication with a

variety of methods.

Although the mechanisms of action of cyanide in inhibiting enzymes

are discussed in other chapters, it is necessary to relate this to the

mechanism of cyanide intoxication. The action of cyanide with cytochrome

oxidase is rather complex and this brief discussion is an oversimplification

as it pertains only to cyanide antagonism. Cytochrome oxidase is the

terminal oxidative respiratory enzyme in the mitochondria, and it is

important to catalyze the tissue utilization of oxygen. Therefore, with

the inhibition of this enzyme by cyanide, a histotoxic anoxia occurs as

aerobic metabolism is inhibited. The organism attempts to compensate by

shifting to anaerobic imetabolism, with the accumulation of such products

as lactate, pyruvate, glucose, etc. Therefore, in the underlying pathologic

mechanism, the tissues have sufficient oxygen but are unable to utilize

the oxygen in tissue metabolism. The brain is probably the most sensitive

organ to cyanide and therefore most of the attention has focused on

brain cytochrome oxidase. It should be emphasized that other organs,

such as the heart, can be affected. The primary focus on cytochrome

oxidase is attributed to the sensitivity of this enzyme to cyanide.

Secondly, this enzyme is located rather critically in the biochemical

rNetabolic chain.
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The discussion on the treatment of cyanide poisoning can be separated

into three arbitrary areas.

A. The General Supportive Treatment

Since there are various effective specific antidotes for the

treatment of cyanide poisoning, the general supportive treatment frequently

is overlooked. Because of the rapidity of action of cyanide, there are

very few clinical studies with regard to acute cyanide poisoning. As

indicated earlier, although various reports and textbooks describe in

detail the signs and symptoms of cyanide poisoning, the fact remains

that in the absence of a suitable history, the diagnosis of cyanide

poisoning is difficult. Although this was a case report of a single

incident of a man ingesting potassium cyanide, the only treatment employed,

were supportive, as a diagnosis of cyanide poisoning was not established (Graham

et al., 1977). Most of the supportive treatment was directed towards the

lactic acid-dosis and pulmonary edema. These studies represent a clinically well-

docur.ented study on cyanide poisoning in man. The dose of cyanide was

established at 600 milligrams, and the blood level of cyanide was reportedly

2.0 microgram/milliliter 12 hours after admission to the hospital. The

predominant importance of these studies (Graham et al., 1977) is to

ree;uphasize that even thougheffective antidotes are available, the

general supportive treatment of any poisoning should not be ignored. It

may be lifesaving, particularly when the diagnosis of cyanide poisoning

has not been established.

B. Nitrite-Thiosul fate-Oxygen

Various combinations of proposed cyanide antagonists were reported

in animals receiving cyanide with varying efficacy. The reports on the

synergistic protective effect of the nitrites with sodium thiosulfate
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were reported independently by investigators in Argentina and the United

States (Hug, 1933; and Chen et al., 1933). Each of these drugs have

been known, for quite some time, to antagonize cyanide intoxication;

however, these were the first trials of this antidotal combination and

it is still one of the most efficacious antidotes against cyanide poisoning.

This is partly because the antidotal combination was

based on a rational pharmacologic basis of a dual mechanism of action

involving the binding of cyanide as well as its biotransformation. The

h nitrites were employed to oxidize hemoglobin to methemoglobin so that

cyanide could combine with methemoglobin to form cyanmethemoglobin.

This was based on the early studies (Bernard, 1932) which indicated that

cyanmethemoglobin was much less toxic than free cyanide, and that cyanide

has a much higher affinity for methemoglobin than hemoglobin.

The proprietary mixture of sodium thiosulfate and sodium nitrite

which are employed in cyanide poisoning, particularly in veterinary

practices, contain too low a dose to obtain maximal antidotal efficiency.

Nevertheless, these proprietary mixtures can protect against

6 LD-50 doses of cyanide. However, with the adjustment of the dose of

sodium nitrite and sodium thiosulfate on a reasonable basis, it was

possible to raise the protection over that of the pruprietary mixture by

al1tiost threefold. These studies were conducted in sheep, as they are

one of the animals which are more apt to be poisoned by cyanide (Burrows

and Way, 1979). The nitrite-thiosulfate combination was raised so that

the amount of methemoglobin formed would be approximately 40 percent.

The sodium thiosulfate was increased so that it more closely paralleled

results which could be obtained under experimental conditions. It should be

pointed out that the cyanide was administered orally, and a five minute
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waiting period was instituted prior to initiation of the antidote so

that the toxic effects of cyanide poisoning could be fully elicited.

The use of sodium nitrite and sodium thiosulfate are not without their

toxic effects. As it has been pointed out by Berlin (1970), care must

be taken in the administration of the sodium nitrite and sodium thiosulfate

combination, particularly in children. It was suggested that the standard

treatment in children should be altered to avoid the potential lethal

methemoglobin formation. It is recommnended that children under 25
kilogram should have the dose of sodium nitrite adjusted, as if the

adult dose is employed, it can be potentially lethal for children. The

use of sodium nitrite and sodium thiosulfate as an antidotal combination

in the treatment of cyanide intoxication and the clinical cases of

poisoning were summarized for humans (Chen and Rose, 1952) and in veterinary

practice in sheep and cattle (Clawson et al., 1934).

With regard to the use of oxygen with sodium nitrite and sodium

thiosulfate, since there appears to be no hazard in using oxygen in this

manner, and the procedure could be lifesaving, its adoption as a routine

irasure appears justified.

C. Cobalt

There are various proponents for the use of cobalt EDTA in the

treat-ent of cyanide poisoning (Paulet, 1960). It is of interest to

note that although cobalt salts were among the earliest antidotes

employed to antagonize the lethal effects of cyanide (Antal, 1894), they

did not receive widespread acceptance, because of their toxicity, until

hydroxocobalamine and cobalt EDTA were introduced. Whether these

compoinds have appreciably lower toxicity on a molar basis with regard

to cobtalt is one of the questions still raised. Recent studies (Nagler
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et al.. 1978; Hilman et al., 1974; Naughton, 1974) appear to relate

The ventricular arrhythmias primarily to cobalt EDTA itself. Strangely

enough, many studies on cobalt compounds suggest that cobalt should be

employed with sodium thiosulfate, as in most cases the thiosulfate

enhances the antidotal effects of cobalt (Friedberg, 1968; Schwarzkopf

and Friedberg, 1971; Isom and Way, 1973). However, cobalt EDTA is

usually employed alone and the proprietary mixture contains no sulfur

donor. Various investigators have suggested that cobalt EDTA should be

employed as one of the cyanide antagonists, and infer that a cobalt

chelate or an aminophenol derivative in combination with sodium thiosulfate

nmight replace the classic antidotal nitrite-thiosulfate combination.

Objections to the nitrite-thiosulfate combination have been attributed

to their slow onset of action and slow detoxifying capacity (Friedberg,

1968). These conclusions wvere based on the rate of methenioglobin formation

(Kiese and 'g:eer, 1969) and measurenent of the physiological effects of cyanide and/

or rate of cyanide excretion. These conclusions (Burrows and Way, 1973) indicated

that so-;e of these measurements may not necessarily be reliable parameters

in assessing the therapeutic efficacy of the antidotal potential against

the lethal effects of cyanide. It is of interest to note that there is

a species specificity with regard to the susceptibility to cobalt.

Wereas cobalt-thiosulfate combinations were much more efficacious than

the nitrite-thiosulfate in mice (Isom and Way, 1972), in sheep the

tolerance to cobalt salts was much lower. Since cobalt is believed to

exert its effect primarily by combining directly with cyanide ion, it is

dependent on a molar ratio bet'.ween cobalt to cyanide. When the dose of

cobalt is edjusted to a level which can be tolerated in the sheep, then

the cobalt-thiosulfate combination was not as efficacious as the nitrite-!IV i t
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thiosulfate in mice or sheep (Burrows and Way, 1977 and 1979). These

studies are primarily to indicate that in investigations conducted by

various laboratories, there are differences in experimental conditions,

animal species and dose of antagonist employed which makes the comparison

of relative efficacy more difficult.

Unlike the addition of oxygen to the nitrite-thiosulfate antidotal

combination, there may be a much greater hazard in the use of cobalt

compounds. Even though it could be lifesaving, a careful study of the

toxicity of cobalt is essential, since its use under clinical

conditions are manifesting signs of cobalt toxicity, particularly with

reference to ventricular arrhythmias.

VIII. ASSESSMENT OF TREATMENT OF CYAMIDE INTOXICATION

In most chemical poisoning there is very little that can be done,

other than supportive treatment or the use of antagonists with only a

minimal degree of efficacy. However, the treatment of cyanide intoxication

has been blessed with a variety of agents which are quite efficacious,

and for this reason there have been differences of opinion with regard

to how these intoxications should be treated. The classic treatment of

cyanide poisoning was developed almost fifty years ago (Chen et al.,

1933; Hug, 1933). This antidotal combination was developed on a rational

phari-acologic basis, and it is one of the antidotal combinations still

employed in the treatment of cyanide poisoning. The only improvement to

this antidotal combination is the use of oxygen (Way et al., 1966;

Sheehy and Way, 1968), as it potentiates the effectiveness of the nitrite-

thiosulfate combination. There are some concerns raised with regard to

the use of this antidotal combination and this is partly attributed to

the toxicity of nitrite (Berlin, 1970). Also some questions have been
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raised with regard to its onset of action, particularly sodium nitrite

(Friedberg, 1968; Kiese and Weger, 1969). Various agents have been

developed which have a more rapid rate of methemoglobin formation and

* there are various proponents for replacing sodium nitrite with

4-dimethylaminophenol (Kiese and Weger, 1969). With regard to the use

of a cobalt-containing comapound, to also bind cyanide its proponents

have focused on the use predominantly on cobalt EDTA (Paulet, 1960).

The use of cobalt EDTA is widespread and their proponents focus on its

rapid direct action to form a stable cyanide complex, whereas most other

compounds are dependent on the indirect generation of methemoglobin.

However, there are some concerns raised with regard to the toxicity of

this cobalt comrpound.
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